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Abstract:
Metal-organic framework (MOF) compounds as a new class of porous coordination polymers consists
of metal ions or clusters linked by organic molecules. They have gained recent interest because of
their large surface areas and huge variety of the porous network structures. They exhibit interesting
adsorption properties for gas storage and separation, as well as flexible network structures and redox
properties and therefore are potential candidates for various technical applications.
In this work, continuous wave (cw) and pulsed electron paramagnetic resonance (EPR) meth-
ods such as pulsed electron-nuclear double resonance (ENDOR) and hyperfine sublevel correlation
(HYSCORE) spectroscopy were applied to study metal-organic frameworks with respect to differ-
ent aspects of their properties: The host-guest interactions between the Cu2` ions in [Cu3(btc)2]n
(HKUST-1, btc: 1,3,5-benzenetricarboxylate) with adsorbed CH3OH, 13CO, 13CO2, H2, D2 and HD.
In [Cu3(btc)2]n, the Cu2` ions are connected to binuclear Cu/Cu paddle wheel units. Since the Cu2`
ions in [Cu3(btc)2]n are antiferromagnetically coupled, the new compound [Cu2.97Zn0.03(btc)2]n was
synthesized by isomorphous substitution containing about 1% paramagnetic Cu/Zn paddle wheel
units. The modified Cu/Zn paddle wheel unit proved to be a very sensitive probe for the interactions
with the adsorbed molecules.
Secondly, the exchange interaction of the antiferromagnetically coupled Cu/Cu paddle wheel units
as well as additional inter -paddle wheel exchange interactions between the Cu/Cu pairs were studied
in [Cu2(bdc)2(dabco)]n. This is a layered MOF with 1,4-benzenedicarboxylate (bdc) as linker and
1,4-diaza-bicyclo[2.2.2]octane (dabco) molecules acting as pillars between the layers. In comparison
to [Cu3(btc)2]n, the additional inter -paddle wheel exchange interactions were much easier disturbed
by incorporation of Zn2` ions into the framework structure.
Third, the structural dynamics of the framework was investigated in the compound [Al(OH)(bdc)]n
(MIL-53) which was isomorphously substituted by VIII/VIV species. The 51V hyperfine structure
revealed to be sensitive to the so-called breathing effect, a flexible structural behaviour upon guest
adsorption/desorption or upon thermal treatment. It could be shown that the aluminum ions can
be substituted by vanadium but the octahedral coordination environment changes slightly to a
pseudo-octahedral or square pyramidal coordination.
Based on the hyperfine interactions between the electron spin and the nuclear spins of the sur-
rounding atoms, structural models can be derived from orientation-selective measurements. In such
a way, structural information of materials like powder samples and adsorbate complexes can be
obtained which are hardly or even not accessible by other methods.
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AAS atom absorption spectroscopy
ac acetate
acac acetylacetonate
acr acridine
ad adamantyl
BET Brunauer, Emmet and Teller
bdc 1,4-benzenedicarboxylate
btc 1,3,5-benzenetricarboxylate
CoCp2 cobaltocene
Cp cyclopentadiene
cw continuous wave
dabco 1,4-diazabicyclo[2.2.2]octane
dq double quantum
DTBN di-tert-butylnitroxide
ENDOR electron nuclear double resonance
EPR electron paramagnetic resonance
FS ESE field sweep electron spin echo
ESEEM electron spin echo envelope modulation
FT Fourier transformation
hf hyperfine
HKUST Hong Kong University of Science and Technology
HKUST-1 [Cu3(btc)2]n
HYSCORE hyperfine sublevel correlation
IR infra red
MAS magic angle spinning
MeOH methanol
MIL Matériaux de l’Institut Lavoisier
MIL-47 [V(O)(bdc)]n
MIL-53 [Al(OH)(bdc)]n
MOF metal organic framework
mw microwave
ndc 1,4-naphthalene-dicarboxylate
NMR nuclear magnetic resonance
nq nuclear quadrupole
rf radio frequency
TG/DTA thermo gravimetry/differential thermal analysis
XRD X-ray diffraction
zfs zero-field splitting
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1 Introduction
1.1 Electron paramagnetic resonance spectroscopy for investigation
of porous materials
The interactions of the magnetic moments of the electrons with microwave (mv) radiation in a
magnetic field are investigated by electron paramagnetic resonance (EPR) spectroscopy. This has
been successfully applied for studying paramagnetic species in porous materials such as silica or
zeolites [1,2]. Since the first observation of electron paramagnetic resonance in CuCl2¨H2O by E. Za-
voisky in 1945 [3], this technique became a versatile tool to study compounds with unpaired electrons
like radicals or transition metal complexes, [4–6] to obtain information on a broad range of compounds
including proteins, [7,8], semiconductors [9] or even on molecular dynamics on short timescales. [10,11]
The magnetic parameters obtained by EPR spectroscopy provide detailed information on the coordi-
nation geometry of the paramagnetic ion and the surrounding nuclei with nuclear spins I ě 1{2 [12].
With the application of pulsed techniques, electron spin echoes were observed first in 1958 [13–15].
The echo amplitude is modulated by the surrounding nuclear spins which was found by Mims [16] in
1961 and correlated to the electron-nuclear dipole interactions [17,18]. The pulsed EPR spectroscopic
techniques provide enhanced spectral resolution of weak hyperfine and quadrupolar interactions as
summarized in a textbook by A. Schweiger and G. Jeschke. [19]
In porous materials, various EPR spectroscopic techniques have been applied to study the magnetic
interactions of catalytically active paramagnetic metal ions, e.g. cupric ions, nickel, rhodium or pal-
ladium species in zeolites [1]. The incorporation of Cu2` into mesoporous MCM compounds proved
to be particularly sensitive for studying adsorbate interactions with cw and pulsed EPR spectro-
scopic methods like 3p ESEEM and HYSCORE spectroscopy [20–22]. In porous SBA compounds,
VIV species have been successfully investigated by cw EPR and HYSCORE measurements [23].
As a new class of porous materials, the metal-organic frameworks (MOF) have attracted consid-
erable interest in the recent years [24]. They have been characterized by different techniques e.g.
single crystal and powder X-ray diffraction (XRD), infrared (IR) spectroscopy and various adsorp-
tion studies, but only few reports on EPR spectroscopic analyses are known [25–29]. Particularly the
interactions between the framework and adsorbed molecules are often hardly or not accessible by
single crystal XRD but detailed knowledge of these interactions is essential for understanding and
exploiting further technical applications for these porous coordination polymers. First results on cw
and pulsed EPR spectroscopic studies of cupric ions in the metal-organic framework [Cu3(btc)2]n,
also known as HKUST-1 [30], revealed interesting electronic properties like antiferromagnetic cou-
pling [31,32] and encouraged further investigations described in this thesis. Especially the concept of
isomorphous substitution which has been applied successfully in the incorporation of paramagnetic
transition metal ions in a diamagnetic host-lattices in many transition metal complexes [33], expands
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groups to form a unique 3D “log cabin” network.[145]
Inorganic anions are also used as spacers between magnetic
chains and layers.[16]However, the disadvantage of inorganic
anions is that when using them it is difficult to create a highly
porous neutral framework. To make neutral coordination
frameworks anionic organic ligands are used, such as poly-
carboxylates (e.g. oxalate and benzenetricarboxylate), and
1,4-dihydroxybenzoquinone, pyridinecarboxylate, and their
derivatives.[4,5, 13] These organic anions can coexist with
neutral organic ligands, such as bipyridine derivatives, and
are therefore good candidates for the construction of high-
dimensional frameworks.
The bonding interactions of coordination polymers are
classified into four types as shown in Figure 10: a) coordina-
tion bond (CB) only, b) coordination bond and hydrogen
bond (CB+HB), c) coordination bond+ other interaction,
such as metal–metal bond (MB), p–p (PP), CH–p (HP)
interactions, and d) coordination bond+mixture of interac-
tions (for instance, HB+PP, HB+MB, or MB+PP). The
stability of 3D motifs increases with increasing coordination
bond contribution. 1D and 2Dmotifs often aggregate through
additional weak bonds (HB, PP, HP) to give 3D frameworks.
In some cases, 1D and 2D motifs are linked by guest
molecules through weak interactions. Of course, even 3D
motifs interact with each other by such weak interactions (for
example, when interpenetration occurs). Figure 11 shows
examples of coordination polymers classified on the basis of
the types of bond combinations. Many 1D linear M–L (L=
bipyridine ligands) coordination polymers are linked by
hydrogen bonds between free ligands and coordinated H2O
or alcohol molecules to form 2D rectangular grids, each of
which in turn is linked by p–p interactions between the
pyridine rings of the ligands (type d: CB+HB+PP).[94,146–150]
In {[Ag(2,4’-bpy)]·ClO4}n, adjacent helical chains are linked
by weak ligand-unsupported metal–metal interactions
(Ag···Ag= 3.1526(6) !), which results in an open 2D network
with compressed hexagons as building units (Figure 11c;
type c: CB+MB).[151] The CuII ions of {[Cu(dhbc)2(4,4’-
bpy)]·H2O}n (Hdhbc= 2,5-dihydroxybenzoic acid) are con-
nected by 4,4’-bpy ligands to produce straight chains, which
are linked by dhbc units to give a 2D sheet motif.[152] The
Figure 9. Crystal structure of [{Ni(4,4’-bpy)2(H2O)2}2Mo8O26]n. The con-
nection of the cluster SBUs to the polymeric cationic chains results in
a 2D framework.[144] Figure 10. Combinations of interactions participating in the construc-
tion of a coordination polymer.
Figure 11. Examples of coordination polymers with various bond combinations. a) 3D framework (the B net in CaB6) of {[Ag(pyz)3]·SbF6}n
(type a).[128] b) 2D sheet structure (left) and the stacking of two sheets linked by amide hydrogen bonds (right) in [Co(NCS)2(3-pna)2]n (type b:
CB+HB).[153] c) 2D network consisting of helical chains linked by Ag!Ag bonds (dashed lines) in {[Ag(2,4’-bpy)]·ClO4}n (type c: CB+MB).[151]
S. Kitagawa et al.Reviews
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metal ion / 
metal cluster organic linker metal organic framework 
Figure 1.1: Schematic representation of metal-organic frameworks: metal ions or clusters (balls) are con-
nected by organic linkers (bars) (picture taken from reference [34]).
the possibilities to obtain information on structural details of metal-organic frameworks by EPR
spectroscopy.
In the following, the metal-organic frameworks will be introduced in general (chapter 1.2), followed
by a brief description of the concept of isomorphous substitution (chapter 1.3), which was applied
for the preparation of the samples presented here. In chapter 1.4, the basic theory of EPR spec-
trosocpy is summarized and the applied EPR experiments are described. The resultant research
topics for this project are outlined briefly in chapter 1.5. Chapters 2, 3 and 4 deal with the EPR
spectroscopic investigations of three different types of metal-organic frameworks. The compounds
under investigation are introduced more detailed at the beginning of each chapter. Summarizing
and concluding remarks are found in chapter 5. The appendix contains the experimental details
and additional spectra.
1.2 Metal-organic frameworks
Coordination polymers have been known already in the 60s but ey were hardly analysed and
characterized [35]. Therefore, until the mid 90s, only inorganic porous materials such as zeolites or
activated carbons were widely use f r adsorption, separation or catalytic applications [36,37]. Metal-
organic framework (MOF) compounds are a new class of porous coordination polymers that have
at racted consid rable attention in the last decades since the pioneering work of O. M. Yaghi, S.
Kitagawa, G. Férey and others [38–41] according to the broad structural variety as well as different
functionalities, high flexibility and tunable selectivity in adsorption/desorption experiments [24].
In general, these coordination polymers are composed of two basic structural building blocks. Metal
ions or clusters as nodes on one hand and connecting organic linker molecules on the other hand, hav-
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Figure 1.2: Examples of organic linkers: 1,4-benzene-dicarboxylate (bdc) (left), 1,3,5-benzene-
tricarboxylate (btc) (center), and 1,4-diazabicyclo[2.2.2]octane (dabco) (right).
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It is noteworthy that the so!ness of the porous framework is not 
just a structural transformation but accompanies other physical prop-
erties such as electron transfer and spin transition. "e structural 
degree of freedom is related to the mutual displacement of frame-
works such as layers and cubic grids and the #exibility of the frame-
work itself. "is o!en evokes the electronic degree of freedom leading 
to spin crossover, magnetic ordering, electron/charge transport or 
dielectric properties, while retaining the so! porous characteristics.
Properties based on motif displacement
Storage and separation of a target gas are typical functions of 
porous materials, and the performance of these tasks is evaluated 
by the amount released under suitable conditions. For the develop-
ment of a relevant adsorbent, there is a need to control the sorp-
tion isotherms, but because of the dynamic guest accommodation 
behaviour, adsorption isotherms of so! porous crystals sometimes 
cannot be classi$ed according to the conventional IUPAC classi$ca-
tion25. For instance, a ‘gate type’ sorption pro$le shows no uptake at 
low concentration of the guest molecules, and an abrupt increase 
in adsorption a!er a threshold concentration. "is so-called gate-
opening pressure is a representative characteristic of a so! porous 
crystal. "e behaviour is associated with a structural transformation 
from a non-porous to a porous phase, and the gate-opening pres-
sure is sensitive to the property of gas to be adsorbed.
One way to create this kind of compound is to have a loose 
assembly of rigid coordination networks. Coordination frameworks 
with sti% linkers tend to be robust, giving no so!ness. However, 
they can be interdigitated or interpenetrated — where several inde-
pendent, identical networks are entangled, either in an extricable 
manner (without breaking internal connections), in interdigitated 
frameworks, or inextricably (that is, disentanglement can only be 
achieved by breaking bonds), in interpenetrated frameworks26. "e 
constituent networks can then undergo a dislocation of their mutual 
positions, resulting in an increase in the e%ective pore size, and a 
higher accommodation of adsorbate than without guests.
"e two-dimensional (2D) sheet system has been studied as a 
good motif for this type of sorption property27. [Cu2(dhbc)2(bpy)]n 
(see Glossary for de$nition of abbreviations) consists of 2D sheets, 
but has an interdigitation of pi–pi stacking interactions between the 
benzene rings of dhbc, which act as pillars between adjacent sheets28 
(Fig. 2a). "e pi–pi stacking provides moderate interaction for sta-
bilization of the structure, and the sliding motion of pi–pi stacking 
forms an open structure when a guest is adsorbed. "is structural 
transformation is accompanied by shrinking of the layer distance 
with release of adsorbed gases. "e compound shows a character-
istic hysteretic adsorption isotherm of CO2 vapour and various 
supercritical gases, CH4, O2 and N2 at room temperature. An impor-
tant point of the sorption is that the gate-opening pressures for 
these gases are obviously di%erent; CO2 is adsorbed at low pressure 
(0.4 bar), whereas CH4, O2 and N2 start to be adsorbed at 8.1, 35 and 
50 bar, respectively (Fig. 2b). Recent thermodynamic considerations 
indicate a di%erence of about 5 kJ mol–1 in free energy with respect 
to the mutual framework arrangement between the open and closed 
forms of this compound29. A subtle balance and competition of the 
interaction of guest–framework and framework–framework can be 
the key for selective sorption of gases. In recent works it has been 
demonstrated that the interdigitation of frameworks (or motifs) can 
be designed in a variety of ways. In particular, the combination of a 
dicarboxylate ligand and a linear bipyridyl ligand with a transition 
metal systematically constructs an interdigitated structure30,31, and 
is e%ective for the separation of gases with high selectivity.
"e interpenetration system is another useful assortment of 
motifs to induce so!ness into a porous framework. Interpenetrated 
grid frameworks can form open and closed phases by interdigitation 
using a simple glide motion without any bond cleavage or distor-
tion. A square-grid-based 3D framework with double interpenetra-
tion is obtained in [Zn2(bdc)2(bpy)]n (MOF-508) (Fig. 2c; ref. 32). A 
guest-free structure (closed phase) has no porosity because double 
interpenetration of networks occupies the space, and as guests are 
incorporated into the solid, micropores are generated and eventu-
ally a porous framework with pore diameter of 4 × 4 Å2 is formed. 
"is dynamic framework with the bimodal pore system can sepa-
rate linear and branched isomers of pentane and hexane molecules. 
When the crystalline powder was placed in a gas chromatographic 
(GC) column, it was found, for example, that 2-methylpentane runs 
through the column faster than its linear isomer n-hexane, and the 
other isomer, 2,2-dimethylbutane, elutes even faster (Fig. 2d). "e 
separation capability of GC is a result of its di%erential interaction 
with the alkane isomers; unlike branched alkanes, linear alkanes 
have suitable shapes for the 1D pore and so they can easily trans-
form the framework from closed-phase to open-phase, and be pref-
erentially accommodated.
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Figure 1 | Soft porous crystal as a new class of adsorptive solid materials. 
a, Three classes of host materials categorized according to attributes of 
softness, hardness (rigidity) and regularity. Materials at the left and right 
sides have softness and hardness, respectively. Materials at the centre 
possess both attributes with regularity. The overlapping zone of the two 
stages indicates materials belonging to either of the ends. b, Classification 
of porous coordination polymers into three categories. The first-generation 
materials collapse on guest removal. The second-generation materials 
have robust and rigid frameworks, and retain their crystallinity when the 
guests are not present in the pores. The third-generation materials are 
transformable accompanied by structural transformation. A combination of 
metal ion and organic ligand gives freedom to both structural and physical 
properties (such as spin, charge or photonic) and the various softness 
factors represents a synergistic e!ect in the porous structure. This e!ect can 
also be observed when the specific guests access the channels.
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It is noteworthy that the so!ness of the porous framework is not 
just a structural transformation but accompanies other physical prop-
erties such as electron transfer and spin transition. "e structural 
degree of freedom is related to the mutual displacement of frame-
w rks such as layers and cubic grids and the #exibility of the frame-
work itself. "is o!en evokes the electronic degree of freedom leading 
to spin crossover, magnetic ordering, electron/charge transport or 
dielectric properties, while retaining the so! porous characteristics.
Properties based on motif displacement
Storage and separation of a target gas are typical functions of 
porous materials, and the performance of these tasks is evaluated 
by the amount released under suitable conditions. For the develop-
ment of a relevant adsorbent, there is a need to control the sorp-
tion isotherms, but because of the dynamic guest accommodation 
behaviour, adsorption isotherms of so! porous crystals sometimes 
cannot be classi$ed according to the conventional IUPAC classi$ca-
tion25. For instance, a ‘gate type’ sorption pro$le shows no uptake at 
low concentration of the guest molecules, and an abrupt increase 
in adsorption a!er a threshold concentration. "is so-called gate-
opening pressure is a representative characteristic of a so! porous 
crystal. "e behaviour is associated with a structural transformation 
from a non-porous to a porous phase, and the gate-opening pres-
sure is sensitive to the property of gas to be adsorbed.
One way to create this kind of compound is to have a loose 
assembly of rigid coordination networks. Coordination frameworks 
with sti% linkers tend to be robust, giving no so!ness. However, 
they can be interdigitated or interpenetrated — where several inde-
pendent, identical networks are entangled, either in an extricable 
manner (without breaking internal connections), in interdigitated 
frameworks, or inextricably (that is, disentanglement can only be 
achieved by breaking bonds), in interpenetrated frameworks26. "e 
constituent networks can then undergo a dislocation of their mutual 
positions, resulting in an increase in the e%ective pore size, and a 
higher accommodation of adsorbate than without guests.
"e two-dimensional (2D) sheet system has been studied as a 
good motif for this type of sorption property27. [Cu2(dhbc)2(bpy)]n 
(see Glossary for de$nition of abbreviations) consists of 2D sheets, 
but has an interdigitation of pi–pi stacking interactions between the 
benzene rings of dhbc, which act as pillars between adjacent sheets28 
(Fig. 2a). "e pi–pi stacking provides moderate interaction for sta-
bilization of the structure, and the sliding motion of pi–pi stacking 
forms an open structure when a guest is adsorbed. "is structural 
transformation is accompanied by shrinking of the layer distance 
with release of adsorbed gases. "e compound shows a character-
istic hysteretic adsorption isotherm of CO2 vapour and various 
supercritical gases, CH4, O2 and N2 at room temperature. An impor-
tant point of the sorption is that the gate-opening pressures for 
these gases are obviously di%erent; CO2 is adsorbed at low pressure 
(0.4 bar), whereas CH4, O2 and N2 start to be adsorbed at 8.1, 35 and 
50 bar, respectively (Fig. 2b). Recent thermodynamic considerations 
indicate a di%erence of about 5 kJ mol–1 in free energy with respect 
to the mutual framework arrangement between the open and closed 
forms of this compound29. A subtle balance and competition of the 
interaction of guest–framework and framework–framework can be 
the key for selective sorption of gases. In recent works it has been 
demonstrated that the interdigitation of frameworks (or motifs) can 
be designed in a variety of ways. In particular, the combination of a 
dicarboxylate ligand and a linear bipyridyl ligand with a transition 
metal systematically constructs an interdigitated structure30,31, and 
is e%ective for the separation of gases with high selectivity.
"e interpenetration system is another useful assortment of 
motifs to induce so!ness into a porous framework. Interpenetrated 
grid frameworks can form open and closed phases by interdigitation 
using a simple glide motion without any bond cleavage or distor-
tion. A square-grid-based 3D framework with double interpenetra-
tion is obtained in [Zn2(bdc)2(bpy)]n (MOF-508) (Fig. 2c; ref. 32). A 
guest-free structure (closed phase) has no porosity because double 
interpenetration of networks occupies the space, and as guests are 
incorporated into the solid, micropores are generated and eventu-
ally a porous framework with pore diameter of 4 × 4 Å2 is formed. 
"is dynamic framework with the bimodal pore system can sepa-
rate linear and branched isomers of pentane and hexane molecules. 
When the crystalline powder was placed in a gas chromatographic 
(GC) column, it was found, for example, that 2-methylpentane runs 
through the column faster than its linear isomer n-hexane, and the 
other isomer, 2,2-dimethylbutane, elutes even faster (Fig. 2d). "e 
separation capability of GC is a result of its di%erential interaction 
with the alkane isomers; unlike branched alkanes, linear alkanes 
have suitable shapes for the 1D pore and so they can easily trans-
form the framework from closed-phase to open-phase, and be pref-
erentially accommodated.
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Figure 1 | Soft porous crystal as a new class of adsorptive solid materials. 
a, Three classes of host materials categorized according to attributes of 
softness, hardness (rigidity) and regularity. Materials at the left and right 
sides have softness and hardness, respectively. Materials at the centre 
possess both attributes with regularity. The overlapping zone of the two 
stages indicates materials belonging to either of the ends. b, Classification 
of porous coordination polymers into three categories. The first-generation 
materials collapse on guest removal. The second-generation materials 
have robust and rigid frameworks, and retain their crystallinity when the 
guests are not present in the pores. The third-generation materials are 
transformable accompanied by structural transformation. A combination of 
metal ion and organic ligand gives freedom to both structural and physical 
properties (such as spin, charge or photonic) and the various softness 
factors represents a synergistic e!ect in the porous structure. This e!ect can 
also be observed when the specific guests access the channels.
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It is noteworthy that the o!ness of the porous framework is not 
just a structural transformation but accompanies oth r physical prop-
erties   electro  transfer and spin transition. "e structural 
degree of freedom is relat d to the mutual displacem nt of frame-
works such as layers nd cubic grids and the #exibility of the frame-
work itself. "is o!en evokes the electronic degree of freedom leading 
to spin crossover, magnetic ordering, electron/charge transport or 
dielect ic properties, while retaining th  so! porous characteristics.
Properties b sed on motif displ cement
Storage and separ tion of a target gas are typical functions of 
porous mat rials, an  the performance of these tasks is evaluated 
by the amount released under suitable condition . For the develop-
ment of a relevant adsorbent, there is a need to control the sorp-
tion isotherms, but because of the dynamic guest accommodation 
behaviour, adsorption isotherms of so! porous crystals sometimes 
cannot be classi$ed according to the conventional IUPAC classi$ca-
tion25. For inst nce,  ‘gat  type’ s rption pr $le shows no uptake at 
low concentration of the gu st mole ules, and an abrupt increase 
in adsorption a!er a thre hold concentration. "is so-called gate-
opening pressu e i  a representative ch racteristic of a so! porous 
crystal. "e behaviour is associated with a structural transformation 
from a non-p rous to a porous phase, and the gate-opening pre -
sur  is sensitive to the property of gas to be adsorbed.
One way to cr ate this kind of compou d is to have a loose 
assembly of rigid coordination networks. Coordination frameworks 
with sti% linkers tend t  be robust, giving no so! ess. However, 
they ca  be i terdigit ted or interpenetrated — where several inde-
pend nt, identical networks are entangl d, eith r i  an extricabl  
manner (without breaki g internal con ctions), in inte digitated 
frameworks, or inextricably (that is, disentanglement can only be 
achieved by breaking bo ds), in interpenetrated frameworks26. "e 
constituent networks can then undergo  dislocation of their mutual 
positions, resulting in n increas  in the e%ective pore size, and  
higher accommodation of adsorbate than without guests.
"e two-dimensio al (2D) sheet system has been studied as a 
good motif for this type of sorption property27. [Cu2(dhbc)2(bpy)]n 
(see Glossary for de$nition of abbreviations) consists of 2D sh ets, 
but has an interdigitation of pi–pi stacking interactions between the 
enzene rings of dhb , which act as pillars betwee  adjacent sheets28 
(Fig. 2 ). "  pi–pi stacking provides moderate interaction for st -
bilization of the tru ture, and the lidi g motion of pi–pi stacking 
forms an open structure wh n a guest is adsorbed. "is structural 
transformation is accompanied by shrinking of the layer distance 
with release of adsorbed gases. "e compound shows a characte -
istic hysteretic ad ti  i ot erm of CO2 vapour and various 
supercritical gases, CH4, O2 and N2 at room temperature. An impo -
tant point of the sorption is that the gat -opening pressures for 
these gases are obviously di%erent; CO2 is a sorbed at low p essure 
(0.4 bar), whereas CH4, O2 and N2 start to be adsorbed at 8.1, 35 and 
50 bar, respectively (Fig. 2b). Recent thermody amic co siderations 
indicate a di%erence of about 5 kJ mol–1 in free energy with respect 
to the mutual framework arrangement between the op n and losed 
forms of thi  compound29. A subtle bala ce and competition of the 
interaction of guest–fram work and framework–framework can be 
the key for selective sorption of gases. In recent w rks it has been 
emonstrated th t the interdigitation of frameworks (or motif ) ca  
be designed in a variety of way . I  particular, the combination of a 
dicarboxylate ligand and a linear bipyridyl li and with a transition 
metal systematically c structs an interdigitated structu e30,31, and 
is e%ective for the separation of gases with high selectivity.
"e interpenetrati n system is another us ful assortment of 
motifs to induce so!ness into a porous framework. Interpenetrated 
grid frameworks can form open nd cl sed phases by interdigitation 
usi g a simple glide motion without any bond cleavage or distor-
tion. A squa e-grid-based 3D framework with double interpenetra-
tion is obtained in [Zn2(bdc)2(bpy)]n (MOF-508) (Fig. 2c; ref. 32). A 
guest-free structure (close  phase) has no porosity bec use double 
interpenetration of networks occupies the space, and as guests are 
incorpor ted into the solid, micropores are gen rated and eventu-
ally a porous framework with pore diamet r of 4 × 4 Å2 is formed. 
"is dynamic framework with the bimodal pore syste  can sepa-
rate linear a d branched isomers of pentane and hexane molecules. 
When the crystalli e powder was placed in a gas c romatographic 
(GC) column, it was found, for example, that 2-methylpentane runs 
through the column faster than its linear isomer n-hexane, and the 
other isomer, 2,2-di thylbutane, elutes even faster (Fig. 2d). "e 
separation capability f GC is a result of its di% rential interaction 
with t  alkane isomers; unlike br nched alkanes, linear alkanes 
have suitable shapes for the 1D pore and so they can easily trans-
form the framework from closed-phase to open-phase, and be pref-
erentially accommodated.
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Figur  1 | Soft porous crystal as a new class of adsorptive solid materials. 
a, Three classes of host m terial  categorized according to attributes of 
s ftness, hardness (rigidity) and regularity. Materials at the left and right 
ides have softness and hardness, respectiv ly. Material  at the centre 
possess both attributes with r gularity. The ov rlapping zone of the two 
st g s indicates materials belonging to ither of th  ends. b, Cl ssification 
of por us coor ination polymers into three categories. The first-g eration 
materials colla s  o  guest removal. The second-generation materials 
h ve r bust and rigid frameworks, and retain their crystallinity whe  the 
guests are ot present in the pores. The third-generation m terials are 
transformable accompanied by structural transformation. A combination of 
metal ion and organic ligand giv s freedom to b th str ct ral and physical 
properties (such as spin, charge or photonic) and t  various oftness 
factors represents a synergistic e!ect in the porous structure. This e!ect can 
also be observed w en the specific guests access the channels.
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Spatiospecific functionalisation of a shell crystal was performed
in a core–shell crystal of a porous coordination polymer (PCP)
via post-synthetic modification (PSM). The shell crystal allowed
the core crystal to selectively accumulate N,N-dimethylaniline
(DMA) and afford the intense exciplex fluorescence.
As being particularly implemented in the field of biochemistry
such as enzymes, antibodies and biological membranes, chemical
modification of a distinct component in a complex system
impacts the rest and even sophisticates the function of the entire
system.1 This is because the overall function is dictated by
synergistic collaboration of all the components. In that context,
we applied this prominent feature to hybrid porous materials to
stimulate the emergence of new applications.
Porous coordination polymers (PCPs) or metal–organic
frameworks (MOFs)2 have been intensively studied due to a
wide variety of applications such as adsorption,3 separation,4
catalysis5 and chemical sensing.6 Most recently, we demon-
strated that the synergistic collaboration between distinct parts
in a core–shell PCP determines its entire property: selectivity at
the shell crystal and high storage capacity at the core crystal.7
Considering the features of such complex systems, the function-
alisation of a specific targeted part in the core–shell PCPs will
improve the performance of the entire system.
Because guest species are obliged to pass through the shell
crystal before accessing the core crystal, the targeted
functionalisation of the shell crystal definitely affects the
overall porous property of the hybrid crystal system. Here,
we introduce an amino group only into the shell crystal that
can react with a carboxyl group by PSM.8 Such modification
allows for the conversion of pore-surface property and totally
changes the prope sity of guest ffinity. Th introducti n of
the fluorescent unit into the core crystal for detection of the
quantity of guest molecules in the pores allows us to visualize
the molecular selectivity induced by PSM (Fig. 1).
The strategy to fabricate such a hybridized PCP crystal is to
incorporate an organic ligand with reactive substituent groups
into the shell and a fluorescent unit into the core. Thus we
chose a series of three-dimensional PCPs, [Zn2(dicarboxylate)2-
(dabco)]n,
9 that gives single crystals with a well-defined
morphology, in which the dicarboxylate layer ligands link to
the zinc paddlewheel clusters to form two-dimensional square
lattices connected by dabco pillar ligands at the lattice
points (dabco = 1,4-diazabicyclo[2.2.2]octane), as shown in
Fig. 2a and b. We selected [Zn2(adc)2(dabco)]n
9d (1) as the core
framework (adc = 9,10-anthracene dicarboxylate) and
[Zn2(NH2-bdc)2(dabco)]n (2) as the shell framework (NH2-bdc =
2-amino-1,4-benzenedicarboxylate). For a successful hybridi-
zation by epitaxial growth two frameworks should have the
same coordination geometry.10 However, the crystal structure
of 2 has not yet been reported. Prior to the syn esis of the
core–shell crystal, we successfully grew a single crystal of 2 nd
Fig. 1 Schematic illustration of targeted functionalization.
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Figure 1.3: MOF generations according to Kitagawa [46]: 1st gener tion: collapse of the framework upon
solvent removal, 2nd generation: r bust frameworks with open pores, 3rd ene ati n: dynamic framework ,
4th generation: core-shell structure (pictures taken f om reference [46,47]).
ing two or more functional groups for c ordination, span a three-dimension l network (figure 1.1).
The great structural diversity can be contr lled by empl ying a va ie y f iffere t organic linkers,
e.g. 1,4-benzene-dica boxylate (bdc) or 1,3,5-benzene-tricarb xylate (btc) anions (figure 1.2a and
b), and metal ions or clusters, e.g. Cu2`, Al3`, V3`{4` or Zn4O6` [34,42–44]. Add ti nal solvent
or ligand molecules, e.g. H2O or the dabco (1,4-diazabi ycl [2.2.2]oc ane) ligand (figure 1.2c), are
often coordinated to the metal ions or filling the por s. Specific surface are s up to 6240m2 g´1
(BET) have been achieved [45]. Activated carbon materials, for comp rison, exhibit surface areas
of bout 1200m2 g´1 [36]. Apart from accessible l rge por s with high specific surface areas and
large pore volumes, metal-organic frameworks often reveal pecial optical, electronical o agnetic
properties [48–50] or structural flexibility (e.g. breathing eff ct) [51]. Therefore, metal-organic frame-
works became promising candidates fo any industrial applications [52], e.g. gas storage [53–59], gas
separation [60,61], heterogeneous catalysis [62–65], for sensor techniques [49] and for drug storage and
delivery [66,67] or wat r purificatio [68].
According to the variety of structures, properties and applications, Kitagawa classified them into
different generations (figure 1.3) [46,47,69]: me a -org nic framework compounds of t first gener tion
are stabilized by solvent molecules inside the pores and collapse when these are removed, they exhibit
no permanen porosity [41]. Met l-organic framework compounds of he second ge ration, howev ,
have robust frameworks with open and accessible pores. Their functionality is tunable by different
met l ion or organic linker m lecul s [34]. The third gen r tion of metal-organic frameworks reveals
a dynamic framework that changes the size and shape of the pores according to the presence and
size/shape of the guest molecules (MIL-53, DUT-8). Already a fou th generation i emphasized
where different properties are combined in one structure [70]. Such core-shell structures [71] and
also post-synthetically modified MOFs [46] open further possibilities to tailor the porous materials
according to a desired application. The use of different organic linker molecules in one compound [72]
or the incorporation of different metal ions [73] also combine different properties for sophisticated
applications.
3
1 Introduction
The limited thermal stability and the expensive synthesis using sophisticated organic precursors
and expensive metals compared to other porous compounds such as zeolites, as well as the decom-
position of many metal-organic frameworks under harsh conditions, have been preventing a broad
industrial application to date. However, intense research activities like the combination of metal-
organic frameworks with other materials, e.g. activated carbon [74], or as thin films on a surface
substrate [75,76] or in mixed-matrix membranes [77,78] are focussed to overcome the difficulties and to
take advantage from the huge variety and tunability of the structures.
Also molecular simulations have been developed to screen metal-organic framworks for potential
applications and to design the desired properties [79,80]. Just recently, the IUPAC organisation gave
some guidelines for identification and terminology [81].
1.3 Implementation of paramagnetism by isomorphous substitution
To obtain information about the coordination geometry of a metal complex from the EPR param-
eters, well resolved spectra are essential. Line broadening due to dipolar interactions as well as
spin exchange coupling should be ruled out by a suitable diamagnetic dilution. In the solid state,
a diamagnetic dilution can be achieved by isomorphous substitution.
The concept of isomorphous substitution is well known and based on the substitution of parts of
a lattice constituents by other components while the overall structure is conserved [33]. With this
method, paramagnetic species into an EPR silent host lattice which then become accessible by EPR
spectroscopy as it has been successfully shown previously [82–84]. For studying metal-organic frame-
works by EPR spectroscopy, the concept of isomorphous substitution has been applied previously
on [(Cu/Zn)(bdc)]n and [Zn3(OH)2(Ni/Cu)2L2(DMF)2]na [29] and [(Zn/Co)(Me-3py-pba)2]nb [28]. In
the mixed-metal MOFs [Co2´xNix(ca)2(dimb)]nc, [73] and the Co2` substituted MOF-5
[Zn4´xCox(bdc)3(DEF)y]nd [44,85], the metal ions have been isomorphously substituted emphasizing
tunable electronic, magnetic and catalytic properties.
In this project, metal-organic framework compounds are investigated in which a paramagnetic center
was implemented in two different ways:
a) Isomorphous substitution of a diamagnetic ion by a paramagnetic ion
In [Al(OH)(bdc)]n (MIL-53), the diamagnetic Al3` ions are substituted by EPR active V3`/V4` ions
resulting in the mixed-metal compounds [Al1´xVx(OH)(bdc)2]n/[(AlOH)1´x(VO)x(bdc)2]n corre-
sponding to as synthesized and calcined phases. The parent vanadium compound [VIII(OH)(bdc)]n/
[VIVO(bdc)]n (MIL-47), is isostructural with MIL-53. However, the parent aluminum compound
additionally shows a structural change upon calcination, adsorption/desorption of gaseous molecules
or thermal treatment which is less pronounced in the vanadium compound.
The related [Al(OH)(ndc)]n and [V(OH)(ndc)]n/[VO(ndc)]n have been synthesized recently with
1,4-naphthalene-dicarboxylate (ndc) as organic linker, as well as their isomorphously substituted
analogues [Al1´xVx(OH)(ndc)2]n/[(AlOH)1´x(VO)x(ndc)2]n with different vanadium content x [86].
aL = N,N’-Bis(5-bromo-3-tert-butylsalicyliden)-1,2-diiminobenzolate, DMF: N,N’ -dimethylformamide
bMe-3py-pba´: 4-[3-methyl-5-(pyridin-3-yl)-1,2,4-triazol-4-yl]benzoate
cH2ca: D-(+)-camphoric acid, dimb: 1,4-di-(1-imidazolyl-methyl)-benzene
dDEF: N,N’ -diethylformamide
4
1.4 EPR spectroscopic methods
In this work, the EPR spectroscopic investigations of the mixed-metal bdc and ndc compounds are
described and compared to the parent compounds [V(OH)(bdc)]n/[VO(bdc)]n [87] and [V(OH)(ndc)]n/
[VO(ndc)]n.
The metal-organic framework compounds [Cu2(bdc)2(dabco)]n and [Zn2(bdc)2(dabco)]n are also
isostructural and therefore good candidates for isomorphous substitution. The incorporation of
Cu2` into the zinc structure introduces a paramagnetic center with an unpaired electron into the
diamagnetic zinc lattice, whereas the isomorphous substitution of Cu2` ions by Zn2` in the copper
compound vice versa might emphazise another aspect:
b) Isomorphous substitution of a paramagnetic ion by a diamagnetic ion
In this approach, a paramagnetic center is created by breaking the antiferromagnetic coupling in
Cu/Cu paddle wheel units by isomorphous substitution of one Cu2` ion by a diamagnetic Zn2`.
This results in mixed-metal Cu/Zn paddle wheel units with an overall paramagnetic S “ 1{2 spin
state of the remaining Cu2` ion. This aim was pursued by the substitution of few percent Cu2` ions
by Zn2` in [Cu3(btc)2]n. For this system, the isomorphous substitution was possible only in low
concentrations (max. 21%) since the pure zinc compound [Zn(btc)3(H2O)2]n(acr)n (acr: acridine)
reveals a different structure [88,89].
Therefore, the incorporation of Cu2` ions in higher concentrations into the parent zinc compound
[Zn2(bdc)2(dabco)]n can be regarded vice versa as isomorphous substitution of Zn2` ions in low
concentration into the parent copper compound [Cu2(bdc)2(dabco)]n.
1.4 EPR spectroscopic methods
In this chapter, the basic principles of the applied EPR spectroscopic methods are described. The
magnetic interactions under consideration are briefly discussed in chapter 1.4.1, the cw and pulsed
EPR experiments which were performed in this work are briefly introduced in chapters 1.4.2 and
1.4.3.
1.4.1 Spin Hamiltonian
In general, the energy of an electron spin S in an external magnetic field is described by the spin
Hamiltonian operator Hˆ given in angular frequency units according to [12,19]
Hˆ “ 2pi
h
βe ~BgSˆ ` 2pi
ÿ
i
SˆAiIˆ
i ` 2piSˆDSˆ ` 2pi
ÿ
i
Iˆ
i
QiIˆ
i ´ 2pi
h
ÿ
i
βng
i
n
~BIˆ
i
(1.1)
The first term refers to the Zeeman interaction of the electron spin S (HˆEZ) in an external magnetic
field B with the absolute value B0 where Sˆ is the vector operator of the corresponding electron
spin S. The Zeeman splitting of the electron is expressed by the g-tensor that is correlated to the
geometry and size of the ligand field. The principal values in x, y and z-direction of the g-tensors
principal axes frame are gxx, gyy and gzz. For axial symmetry, the relation gxx = gyy ‰ gzz holds,
whereas systems with an orthorhombic g-tensor exhibit three different principal values gxx ‰ gyy
‰ gzz.
The second term represents the hyperfine (hf) interactions of the electron spin S with the nuclear
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spin Ii ‰ 0 of the nucleus i represented as the vector operator Iˆi that are described by the hf
coupling tensor Ai (Hˆhf). The three principal values of the hf tensor Ai are Aixx, Aiyy and Aizz.
The fine structure tensor D in the third term (Hˆzfs) takes into account the interactions between
electron spins and the spin-orbit coupling if more than one unpaired electron is present (S ě 1). The
principal values of the traceless D-tensor, Dxx, Dyy and Dzz, are related to the zero field splitting
(zfs) parameters D and E according to
D “ 3{2Dzz and E “ 1{2pDxx ´Dyyq. (1.2)
The nuclear quadrupole (nq) interactions of nuclear spins with Ii ą 1{2 (Hˆnq) are sumarized in the
fourth term of (1.1). The nq tensor Qi is traceless and expressed by the principal values Qixx, Qiyy
and Qizz with |Qixx`Qiyy| = |Qizz|. The last term takes into account the nuclear Zeeman interaction
for nuclear spin(s) Ii ą 0 (HˆNZ). The magnitudes βe and βn refer to Bohr’s magneton and the
nuclear magneton, respectively, gin are the nuclear g-factors. The index i refers to the particular
nucleus.
Since the interactions of the unpaired electron with the central nucleus is much larger than the
interactions with the ligand nuclei, the spin Hamiltonian Hˆ can be split into a core (C) and a ligand
(L) part [90]:
Hˆ “ HˆC ` HˆL. (1.3)
In the core spin Hamiltonian, all interactions with the central nucleus together with the Zeeman
interaction (HˆEZ) and the zero field splitting (Hˆzfs) are taken into account:
HˆC “ 2pi
h
βe ~BgSˆ ` 2piSˆACIˆC ` 2piSˆDSˆ ´ 2pi
h
βngn,c ~BIˆC ` 2piIˆCQCIˆC (1.4)
For the interactions with the central nucleus, the hf coupling is usually stronger than the nuclear
Zeeman and the nq interaction.
The interactions of the electron spin with ligand nuclei are summed up in the ligand spin Hamilto-
nian (1.5) and comprise the hf and nq interactions between the electron spin and the nuclear spins
of the different ligand nuclei and the nuclear Zeeman interactions of the different ligand nuclei for
Ii ‰ 0.
HˆL “ 2pi
ÿ
i
SˆAiLIˆ
i
L ` 2pi
ÿ
i
Iˆ
i
LQ
i
LIˆ
i
L ´ 2pih
ÿ
i
βng
i
n,L
~BIˆ
i
L (1.5)
All internuclear interactions are neglected since they are much smaller than the electron-nuclear
and electron-electron interactions, respectively. Therefore, the ligand spin Hamiltonian (1.5) can be
considered separately for each nucleus in the analyses of the EPR spectra by spectral simulations.
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Figure 1.4: Electronic Zeeman (HˆEZ) and
63{65Cu hf interaction (Hˆhf) of a Cu2` ion
with S “ 1{2, ICu “ 3{2: the blue lines
mark the EPR transitions according to the
selection rules ∆mS “ ˘1 and ∆mI “ 0.
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Figure 1.5: Bottom: X-band angular dependence of the
Cu2` quartet of lines for the parallel (green) and the perpen-
dicular components (blue) of axially symmetric and coaxial
g- and ACu-tensors with the extra-singularity (red). Top:
resulting typical cw EPR powder spectrum of a Cu2` ion
(only the 63Cu isotope is considered).
1.4.2 cw EPR spectroscopy
In an external magnetic field B0, the electronic spin states of an unpaired electron with S “ 1{2
located at one atom with a nucleus I ‰ 0 are related to the magnetic electron spin quantum number
mS
[4–6]. Each of the electronic spin states splits into 2I`1 sublevels depending on the nuclear spin
I. In figure 1.4, the Zeeman and the hf splitting are illustrated for a Cu2` ion (3d9, S “ 1{2) of
one isotope, since both 63Cu and 65Cu isotopes have the same nuclear spin (ICu “ 3{2), according
to the core spin Hamiltonian
HˆC “ 2pi
h
βe ~BgSˆ ` 2piSˆACuIˆCu. (1.6)
The nuclear Zeeman and the nq interaction can be negleted since they are small compared to the
electron Zeeman and hf interaction. The EPR transitions are induced by continuous irridation of
microwave frequencies νmw “ ωmw{2pi. According to the selection rules for EPR transitions (∆mS “
˘1, ∆mI “ 0), 2ICu ` 1 “ 4 lines are expected in the EPR spectrum for both isotopes. However,
the two quartets of lines are not always resolved. For anisotropic powder systems, either axial
or orthorhombic, the multiplet is detected at two and three, respectively, different field positions
corresponding to two or three different principal g- and A-tensor parameters gii and Aii (i = x, y,
z). In figure 1.5, the Cu2` powder spectrum with axially symmetric g- and ACu-tensors is shown
at X-band frequencies (top) together with the dependence of the four resonance field positions on
the angle θ0 between the principal axis in z-direction of the g-tensor and the external magnetic field
~B.
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Figure 1.6: Vector diagram for illustration of the angles θI , θ0 and φI between the electron-nucleus distance
~r and the external magnetic field ~B, respectively, and the principal z-axis of the g-tensor frame.
1.4.3 Pulsed EPR spectroscopy
With pulsed EPR spectroscopy, the hf and nq interactions described by the ligand spin Hamiltonian
become accessible. For an electron spin S “ 1{2 coupled to a nuclear spin I “ 1{2 of a ligand atom,
the hf interactions can be expressed as [19]
Hˆhf “ ASzIz `BSzIx (1.7)
for axially symmetric g- and A-tensors. The hf parameters A and B are then given as
A “ 2piTKrp3{g2qpg2zz cos θ0 cos θI ` g2xx,yy sin θ0 sin θI cosφIq
pcos θ0 cos θI ` sin θ0 sin θI cosφIq ´ 1s ´ 2piAiso (1.8)
B2 “ B12`C 12 (1.9)
B1 “ 2piTKrp3{g2qpg2zz cos θ0 cos θI ` g2xx,yy sin θ0 sin θI cosφIq
pcos θ0 cos θI ´ sin θ0 sin θI cosφIq `
ˆ
Aiso
TK
´ 1
˙˜
g2xx,yy ´ g2zz
g2
¸
sin θ0 cos θ0s
C 1 “ 2piTK
„
3
g2
pg2zz cos θ0 cos θI ` g2xx,yy sin θ0 sin θI cosφIqpsin θI sinφIq

with the isotropic hf coupling parameter Aiso and g2 “ g2zz cos2 θ0` g2xx,yy sin2 θ0 for axial g-tensors,
where θ0 is the angle between the external magnetic field ~B and the principal z-axis of the g-tensor
(figure 1.6). The g-tensor axis frame is further chosen in such way that the electron-nucleus distance
vector ~r lies in the xz-plane with the angle θI to the z-axis. The angle φI is the azimuthal angle of
~B with respect to the x-axis. The dipolar coupling parameter can be calculated in a point-dipole
approximation as
TK “ µ0
4pi~
gegnβeβn
r3
(1.10)
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Figure 1.7: a) Energy levels for a S “ 1{2, I “ 1{2 spin system [6] and b) for a S “ 1{2, I “ 1 spin
system including the nq interaction (Hˆnq) within the limit |Qzz| < |Azz| < 2ωL. [91] The solid blue lines mark
the allowed nuclear transitions ωα and ωβ in (a) and ωab, ωbc, ωde and ωef in (b).The dotted blue lines
correspond to ∆mI “ ˘2 transitions.
and defines the principal values (´TK,´TK, 2TK) of the traceless dipolar coupling tensor T . Equa-
tion (1.10) can be applied to estimate the distance r between the electron spin and the coupled
nucleus [19]. The parameters A and B in equations (1.8) and (1.9) can be simplified to become
A “ 2piTKp3 cos2 θ0 ´ 1q ` 2piAiso (1.11)
B “ 2piTK3 cos θ0 sin θ0 (1.12)
for isotropic g-tensors, when the vector ~r is chosen to point along the z-axis and therefore the angle
θI = 0°.
A schematic illustration of the two electron manifolds mSpαq “ 12 and mSpβq “ ´12 of the S “ 1{2,
I “ 1{2 spin system is given in figure 1.7a. With pulsed EPR methods, the nuclear frequencies
ωα and ωβ become accessible. Within the weak coupling limit (|A| ă 2ωL), the two lines are
symmetric with respect to the nuclear Larmor frequency ωL with a spacing of A. For strong hf
coupling (|A| ą 2ωL), the two frequencies ωα and ωβ are found to be symmetric with respect to
|A{2| with a splitting of 2ωL according to equation (1.13). For anisotropic hf interactions, the
parameter B ‰ 0, and therefore the lines are shifted slightly towards higher frequencies due to the
contribution B2{4 [92].
ωα “
«ˆ
ωL ` A
2
˙2
`
ˆ
B
2
˙2ff1{2
ωβ “
«ˆ
ωL ´ A
2
˙2
`
ˆ
B
2
˙2ff1{2
(1.13)
For a S “ 1{2, I “ 1 spin system, the two electron spin manifolds mSpαq “ 12 and mSpβq “ ´12
are split into three levels (figure 1.7b). Additional to the hf interaction (Hˆhf), the energy levels are
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shifted due to the nq interaction (Hˆnq). The influence of the quadrupole interaction on the nuclear
frequencies ωα and ωβ is expressed by the quadrupolar corrections ∆α,β for the two electron spin
manifolds mSpαq “ 12 and mSpβq “ ´12 resulting in four observable nuclear transitions ωab, ωbc,
ωde and ωef [91] (see also figure 1.7b): [17,93,94]
ωab “ ωα `∆α ωde “ ωβ `∆β
ωbc “ ωα ´∆α ωef “ ωβ ´∆β
ωac “ ωab ` ωbc “ 2ωα ωdf “ ωde ` ωef “ 2ωβ. (1.14)
For small nq interactions, 2∆α « 2∆β ” ∆νQ can be assumed. The observed nq splitting ∆νQ can
then be correlated with the the principal values Qii of the nq tensor Q according to [18,95]
∆νQ “ 3Qii pi “ x, y, zq. (1.15)
In the pulsed EPR experiments, the electronic spin transitions between the Zeeman levels are ex-
cited by high power microwave pulses causing equal distribution or inversion of the population.
This corresponds to a reorientation of the magnetisation by the flip angle β1 that is determined by
the pulse length tp and the strength of the mw field B1 according to β1 = γeB1tp (γe: gyromag-
netic ratio of the electron). In the pulsed EPR spectroscopic experiments described in the following
paragraphs, different series of pi{2- and pi-pulses are applied creating electron spin echoes of refo-
cussed magnetization. The echo amplitudes in dependence of the pulse delays contain information
about the nuclear spin transition frequencies that will be given in frequency units of [ν] = MHz
corresponding to ω “ 2piν. [96]
Two pulse field sweep (2p FS) electron spin echo (ESE)
!/2 ! 
" " 
mw 
Hahn 
echo 
time 
Figure 1.8: Pulse sequence to create a Hahn echo as employed in the 2p FS ESE experiment.
In the 2p FS ESE experiment, a Hahn echo is created using a pi{2 - τ - pi - τ - echo pulse sequence
(figure 1.8). With this pulse sequence, the magnetisation is switched into the xy-plane by a non-
selective mw pi{2-pulse. Within the xy-plane, the individual spin packets fan out during the free
evolution time τ . After the time τ , the spin packets are refocussed by a pi-pulse to create the Hahn
echo occurring in ´y-direction at the time τ after the pi-pulse. In the 2p FS ESE experiment, the
echo intensity of the Hahn echo is intergrated while the magnetic field is swept. In that way, an
absorption type EPR spectrum can be recorded whereas cw EPR spectroscopy provides the first
derivative of the absorption spectrum. Usually, pulse length of ppi{2 = 16 ns and ppi = 32 ns with a
pulse delay of τ = 200 ns are applied in this work.
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3-Pulse echo spin echo envelope modulation (3p ESEEM)
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echo 
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Figure 1.9: Pulse sequence to create a stimulated echo as performed in 3p ESEEM experiments.
The ESEEM effect in general is based on the modulation of the echo amplitude caused by anisotropic
hf interactions with surrounding nuclei with I ‰ 0 [17,18,94,97,98]. If the hf interactions are of the same
size as the nuclear Zeeman interaction (Hˆhf « HˆNZ), the forbidden EPR transitions with ∆mS “ ˘1,
∆mI “ ˘1 have a non-zero transition probability and become also observable. When mw pulses
are applied, additional coherences are created between all EPR transitions preventing a complete
refocusing of the spin packets and therefore leading to a modulation of the echo amplitude.
The 3p ESEEM experiment is based on the stimulated echo sequence pi{2 - τ - pi{2 - T - pi{2 - τ -
echo using non-selective mw pi{2-pulses. The first two pi{2-pulses create an oscillating longitudinal
magnetisation pattern that encodes the hf interaction evolving during the time T . The third pi{2-
pulse refocusses the spin packets but due to anisotropic hf interactions, the echo amplitude is
modulated when the time T is incremented (figure 1.9). Usually, a pulse length ppi{2 = 16 ns was
applied in the experiments described in this work.
For a S “ 1{2, I “ 1{2 spin system, the echo amplitude is modulated at the two nuclear transition
frequencies ωα and ωβ with variation of the pulse delay T and constant τ according to [17,19]
Vmodp2τ ` T, I “ 1{2q “
1´ k
4
rp1´ cosωβτqr1´ cosωαpτ ` T qs ` p1´ cosωατqr1´ cosωβpτ ` T qss. (1.16)
The modulation depth parameter k for a nuclear spin I “ 1{2 is given by
k1{2 “
ˆ
ωLB
ωαωβ
˙2
(1.17)
with the nuclear Larmor frequency ωL and the anisotropic hfc parameter B = 2piTK3 cos θ sin θ (see
above). [18,19]
Since the modulation of the echo amplitude depends on τ by the factors p1´cosωα,βτq, suppression
effects are expected for τ “ p2pinq{ωα,β (n = 0, 1, 2 ...) at which the modulation vanishes. [99] To
avoid these blind spots or, on the other hand, to selectively suppress strong matrix lines, different
τ values are applied depending on the nucleus which is sampled. [19]
For a S “ 1{2, I “ 1 spin system with weak nq interaction, the echo amplitude modulates at the
four nuclear transition frequencies ωab, ωbc, ωcd and ωef with the time T between the second and
the third mw pulse and a constant pulse delay τ : [17,18]
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Vmodp2τ ` T, I “ 1q “ (1.18)ˆ
1´ 4
3
k ` 3
4
k2
˙
`
ˆ
1
3
k ´ 1
4
k2
˙
t cospωabτq ` cospωbcτq ` cospωdeτq ` cospωefτq
` cosrωabpτ ` T qs` cosrωbcpτ ` T qs ` cosrωdepτ ` T qs ` cosrωefpτ ` T qsu
´r1
6
k ´ 1
6
k2 ` 1
6
kp1´ k2q 12 st cospωabτq cosrωdepτ ` T qs ` cospωbcτq cosrωefpτ ` T qs
` cospωdeτq cosrωabpτ ` T qs ` cospωefτq cosrωbcpτ ` T qsu
´r1
6
k ´ 1
6
k2 ` 1
6
kp1´ k2q 12 st cospωabτq cosrωefpτ ` T qs ` cospωbcτq cosrωdepτ ` T qs
` cospωdeτq cosrωbcpτ ` T qs ` cospωefτq cosrωabpτ ` T qsu
`1
8
k2t cospωacτq ` cospωdfτq ` cosrωacpτ ` T qs ` cosrωdfpτ ` T qsu
` 1
24
k2t cospωacτq cosrωdfpτ ` T qs ` cospωdfτq cosrωacpτ ` T qsu
´ 1
12
k2t cospωabτq cosrωdfpτ ` T qs ` cospωdfτq cosrωabpτ ` T qs
` cospωbcτq cosrωdfpτ ` T qs ` cospωdfτq cosrωbcpτ ` T qs
` cospωdeτq cosrωacpτ ` T qs ` cospωacτq cosrωdepτ ` T qs
` cospωefτq cosrωacpτ ` T qs ` cospωacτq cosrωefpτ ` T qsu.
The modulation depth parameter k depends on any nuclear spin I according to k “ 43IpI`1qk1{2. [18]
Hyperfine sublevel correlation (HYSCORE) spectroscopy
mw time 
t1 t2 
inverted 
echo 
τ 
π/2 
τ 
π/2 π/2 π 
Figure 1.10: Pulse sequence of the HYSCORE experiment. The pulse distances t1 and t2 are varied
independently resulting in two dimensional spectra.
The HYSCORE experiment is based on a stimulated echo pulse sequence in which an additional
pi-pulse is placed between the second and the third pi{2-pulses. The mixing pi-pulse correlates the
nuclear transition frequencies between the different electron spin manifolds mS (figure 1.10). [100]
The two pulse delays t1 and t2 are incremented independently and the modulated echo amplitude
is recorded as a function of t1 and t2. The time-dependent modulation of the echo intensity in the
HYSCORE experiment is described for S “ 1{2, I “ 1{2 by [101,102]:
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Vmodpτ, t1, t2q “ (1.19)
1´ k
4
tC0pτq ` C1pτqr cos
´
ωαt1 ` ωατ
2
¯
` cos
´
ωαt2 ` ωατ
2
¯
s
C2pτqr cos
´
ωαt1 ` ωβτ
2
¯
` cos
´
ωαt2 ` ωβτ
2
¯
s
C3pτqrc2 cos
ˆ
ωαt1 ` ωβt2 ` pωα ` ωβqτ
2
˙
` c2 cos
ˆ
ωβt1 ` ωαt2 ` pωα ` ωβqτ
2
˙
´s2 cos
ˆ
ωαt1 ´ ωβt2 ` pωα ´ ωβqτ
2
˙
´ s2 cos
ˆ
ωβt1 ´ ωαt2 ` pωα ´ ωβqτ
2
˙
su,
with the amplitude factors Cipτq given by
C0pτq “ 3´ cospωβτq ´ cospωατq ´ s2 cosrpωα ` ωβqτ s ´ c2 cosrpωα ´ ωβqτ s,
C1pτq “ c2 cos
´
ωβτ ´ ωατ
2
¯
` s2 cos
´
ωβτ ` ωατ
2
¯
´ cos
´ωατ
2
¯
,
C2pτq “ c2 cos
´
ωατ ´ ωβτ
2
¯
` s2 cos
´
ωατ ` ωβτ
2
¯
´ cos
´ωβτ
2
¯
,
C3pτq “ ´2 sin
´ωατ
2
¯
sin
´ωβτ
2
¯
.
The parameter k = 4c2s2 is defined by the time-independent amplitude factors c2 and s2: [99]
c2 “ |ω
2
L ´ 14pωα ´ ωβq2|
ωαωβ
s2 “ |ω
2
L ´ 14pωα ` ωβq2|
ωαωβ
After 2-dimensional (2D) Fourier transformation (FT), two cross peaks at the nuclear transition
frequencies (ωα, ωβ) and (ωβ , ωα) are observed in the first quadrant in the case of small hyperfine
interactions (|A| ă 2ωL). In powder samples, ωα and ωβ are spread due to anisotropic hf interactions
and cross peak ridges are observed that are shifted to higher frequencies with the maximum shift
∆ωsmax being directly correlated to the dipolar hyperfine parameter TK according to [103]
TK “ 2
3
d
8∆ωsmaxωL
4pi2
?
2
. (1.20)
For a S “ 1{2, I “ 1 spin system in the case of weak hf interactions (|A| ă 2ωL), the relation
1 « c2 " s2 « 0 holds and the modulation terms leading to observable cross peaks are given
by [97,102]
Vmodpτ, t1, t2q “ (1.21)
4kC 11pτqt cos
„
ωabt1 ` ωdet2 ` pωab ` ωdeqτ
2

` cos
„
ωdet1 ` ωabt2 ` pωab ` ωdeqτ
2

u
`4kC22 pτqt cos
„
ωbct1 ` ωeft2 ` pωbc ` ωefqτ
2

` cos
„
ωeft1 ` ωbct2 ` pωbc ` ωefqτ
2

u,
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with the amplitude factors C 11pτq and C22 pτq
C 11pτq “ cos
„pωab ´ ωdeqτ
2

´ cos
„pωab ` ωdeqτ
2

C22 pτq “ cos
„pωbc ´ ωefqτ
2

´ cos
„pωbc ` ωefqτ
2

.
After 2D Fourier transformation, four cross peaks at (ωab, ωde), (ωde, ωab), (ωbc, ωef) and (ωef , ωbc)
are observed in the 2D frequency domain spectra.
Pulsed electron nuclear double resonance (ENDOR) spectroscopy
Besides the ESEEM experiments, which are based on the modulation of the electron spin echo
amplitude, pulsed electron nuclear double resonance (ENDOR) spectroscopy is often applied to
measure nuclear transition frequencies of solid paramagnetic compounds. [19] The pulsed ENDOR
experiments are based on a polarization transfer between the electron and nuclear transitions which
are induced by mw and radio frequency (rf) pulses. In this work, the Davies [104]- and Mims [105]-
ENDOR pulse sequences were applied (figures 1.11 and 1.12).
• The Davies-ENDOR pulse sequence [104] employs long, selective mw pulses (pmvpi = 1000 ns,
figure 1.11).With the first mw pi-pulse, the population of one allowed EPR transition is in-
verted. The subsequent selective rf pi-pulse transfers this polarization by inverting the cor-
responding nuclear population in one electron spin mainfold mS . Simultaneously, the EPR
transition is depopulated when the nuclear resonance condition is met, which is detected as
decreasing electron spin echo intensity by a pi{2 - τ - pi - τ - echo mw detection pulse sequence.
After the time τ after the refocussing mw pi-pulse, the inverted echo amplitude is described
by [19]
Vechopβ2q “ ´1
4
p1´ cosβ2q, (1.22)
with the nuclear flip angle β2 for the nuclear transitions according to β2 = γnB2tp (B2: rf
field, γn: gyromagnetic ratio of nuclei, tp: puls length of rf pulse). For off-resonance excita-
tion, when the flip angle β2 is zero, the echo amplitude Vechop0q “ 1{2 is maximum, whereas
for resonant excitation (β2 “ pi), the echo amplitude Vechoppiq “ 0 is minimum. The Davies-
ENDOR spectra are recorded as the variations in the inverted echo amplitude as a function
of the radio frequency and signals at the nuclear transition frequencies are observed.
τ 
mw 
echo 
time 
π/2 
rf 
π 
π π 
τ 
Figure 1.11: Pulse sequences of the Davies-ENDOR experiment with long, selective mw pi-pulses and
additional rf pi pulse to excite nuclear transitions. [104]
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• TheMims-ENDOR pulse sequence [105] is based on a stimulated echo experiment with either
selective or non-selective mw pulses (figure 1.12) In this work, selective pulses of pmvpi = 100 ns
were apllied. The oscillating magnetisation pattern created by the first two mw pi{2-pulses
as in the 3p ESEEM experiment is changed by the selective rf pi-pulse after the third mw
pi{2-pulses. Thereby, the nuclear polarisation is inverted upon resonance. Consequently, after
the third mw pi{2-pulse the refocusing of the magnetisation to the stimulated echo is disturbed
and the echo intensity decreases. For off-resonance rf excitation (β2 “ 0), the refocusing of the
magnetization is not disturbed and the echo amplitude is maximum. For resonant excitation
(β2 “ pi) and selective mw pulses, the stimulated echo amplitude depends on the hf coupling
parameter A and the time τ according to [19]
Vechopβ2 “ piq “ 1
4
r1` cospAτqs, (1.23)
and therefore, in case of selective pulses, it shows suppression effects for τ “ p2pinq{A (n
= 0, 1, 2...) as in 3p ESEEM experiments but depending on A instead of ωα,β in the 3p
ESEEM experiment [19,105]. Again, the stimulated echo amplitude is recorded as a function of
the radio frequency in the Mims-ENDOR experiment and the nuclear transition frequencies
are obtained from the resulting spectra.
π/2 
τ 
mw 
echo 
time 
π/2 π/2 
τ 
rf 
π 
Figure 1.12: Pulse sequences of the Mims-ENDOR experiment with short, non-selective mw pi{2-pulses. [105]
1.5 Description of the project
Porous materials are of high interest for various technical applications, MOF compounds have
great potential as tailored materials for specific tasks because of their large structural diversity.
The highly cross-linked structure of the metal-organic frameworks often leads to the formation
of powders rather than single crystals which could be analysed by single crystal X-ray diffraction
(XRD). In combination with other methods, e.g. powder XRD, infra red (IR) and solid state nuclear
magnetic resonance (NMR) spectroscopy, EPR spectroscopy has been applied successfully to obtain
structural information on paramagnetic powder samples in other porous materials such as zeolites
and mesoporous compounds.
Therefore, the cw and pulsed EPR spectroscopic experiments described in chapters 1.4.2 and 1.4.3
were carried out in this project to investigate several metal-organic framework compounds as powder
samples. In the focus of the project was the question whether it is possible to obtain information
on the structure of the framework and on interactions of the framework with adsorbed molecules.
Therefore, three main topics were chosen reflecting typical properties of MOFs: adsorption of gas
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molecules, long range magnetic exchange interactions and structural dynamics.
• The adsorption of gas molecules coordinating to the Cu2` ions was studied in [Cu3(btc)2]n,
also known as HKUST-1, and its Zn-substituted analogue [Cu2.97Zn0.03(btc)2]n (chapter 2).
• In the [(Cu/Zn)2(bdc)2(dabco)]n system, the variation of the metal ratio was studied and
correlated with the exchange interaction of antiferromagnetically coupled Cu/Cu paddle wheel
units and with additional long range inter paddle wheel exchange interactions across the
framework (chapter 3).
• The structural dynamics of the framework were monitored by EPR spectroscopy in the vana-
dium substituted compounds [(AlOH)1´x(VO)x(bdc)]n and [(AlOH)1´ x(VO)x(ndc)]n (chap-
ter 4).
Relaxation processes as well as correlated spin effects which are hardly accessible under the mea-
surement conditions of the used spectrometers were beyond the scope of this project.
Several parts of the work have already been published and are cited within the text:
- the adsorption of H2O on [Cu3(btc)2]n; [106]
- the adsorption of the DTBN radical on [Cu3(btc)2]n; [107]
- the substitution of Cu2` ions by Zn2` in [Cu3(btc)2]n and the adsorption of methanol on
[Cu2.97Zn0.03(btc)2]n; [108]
- the analysis of [Cu3´xZnx(btc)2]n with higher Zn2` content (x ą 0.03); [109]
- the investigations of the mixed-metal compound [(Cu/Zn)2(bdc)2(dabco)]n; [110]
- the analysis of MIL-47(V); [87]
Accepted for publication are:
- the EPR spectroscopic investigations in combination with DFT calculations of 13CO2 and
13CO adsorption on [Cu2.97Zn0.03(btc)2]n; [111]
- the adsorption of H2, D2 and HD on [Cu2.97Zn0.03(btc)2]n; [112]
Submitted for publication is:
- the analyses of the mixed-metal compounds [(Al/V)(OH/O)(bdc)]n and [(Al/V)(OH/O)(ndc)]n. [86]
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2.1 Introduction: Monometallic [Cu3(btc)2]n
[Cu3(btc)2]n (btc = 1,3,5-benzenetricarboxylate), also known as HKUST-1 [30,32], is one of the
most investigated porous MOF materials and among the first commercially available represen-
tatives of metal organic framework compounds. In the network structure of [Cu3(btc)2]n, binuclear
Cu2(O2CR)4 (in the following abbreviated as Cu/Cu) paddle wheel units are formed by four bridg-
ing carboxylate groups of the btc linkers interconnected to a three-dimensional porous network with
two different pore types. The large pores with an approximate diameter of 9Å are running along
the crystallographic axes, whereas smaller pockets (I 5Å) are accessible through narrow windows
(I 3.5Å) from the large pores (figure 2.1, left). Solvent molecules that are coordinated at the axial
binding site of the Cu2` ions are pointing into the large pores (figure 2.1, right). They can be
removed by activation at 373K in vacuum. During activation, the coordination geometry of the
Cu2` ions changes from square pyramidal with adsorbed solvent molecule to square planar without
solvent molecule and only coordinated by the four oxygen atoms of the carboxylate groups. [30].
[Cu3(btc)2]n is a a potential candidate for gas purification and separation [113,114] as well as for gas
storage application [115] because of the high porosity, high surface area and considerable high thermal
stability up to 513K [30] or even 623K [116], depending on the synthetic method.
Figure 2.1: Single crystal X-ray structure of [Cu3(btc)2(H2O)3]n. [30] Left: 3D network with pores of I 5Å
and 9Å. Right: Cu/Cu paddle wheel unit with axially coordinated H2O (H atoms of H2O omitted).
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2.1.1 Spin coupling
Both Cu2` ions of the paddle wheel units have an unpaired electron (electron configuration: 3d9)
that are antiferromagnetically coupled with an EPR silent S “ 0 ground state and an excited
S “ 1 spin state [31,32]. A likewise coupling is known from monomolecular compounds with Cu/Cu
paddle wheel units like [Cu2(ac)4(H2O)2] [117] and [Cu2(1-ad)4] [118] without interconnection to a
3D network structure. The energy splitting J between the singlet (S “ 0) and the triplet state
(S “ 1) in [Cu3(btc)2]n has been determined by temperature dependent EPR measurements to be
J = ´185 cm´1 [31].
At room temperature, the system is basically magnetically non-diluted with respect to this S “ 1
state of the cupric ion pairs due to their high local concentration. Therefore, only an exchanged
narrowed resonance line with Lorentzian shape and a line width ∆Bpp « 100mT has been ob-
served that comprises no further spectroscopic details such as the zero-field splitting (zfs), the
hyperfine splittings (hfs) or an anisotropy of the electron Zeeman splitting tensor g (see appendix,
figure 6.11a). The isotropic nature of this EPR signal has been interpreted in terms of a spin
exchange between the S “ 1 states of neighboured Cu/Cu pairs in the paddle-wheel units across
the btc linker molecules [31]. However, it was possible to resolve the fine structure splitting of the
S “ 1 spin system between 90K and 120K at Q-band frequencies and hence to determine the zfs
parameter D = 0.320 cm´1 with a small orthorhombic contribution E ă 0.004 cm´1 [31].
2.1.2 Adsorption of H2O
At room temperature, the line width and shape of the unresolved S “ 1 signal strongly depends
on the dipolar and exchange interactions between the Cu/Cu pairs across the framework structure.
Despite the lack of resolution of the g-tensor anisotropy and hf coupling, it can be used to indicate
changes of the framework structure as observed in boiling water and upon adsorption of NH3 [109,119].
The successive decomposition upon water vapor adsorption was monitored over a period of 14
days with cw EPR spectroscopy (figure 2.2). The sample tube was exposed to a controlled H2O
atmosphere (for details see chapter 6.1). Upon water vapor adsorption, the broad signal of the
excited S “ 1 spin state of the undisturbed antiferromagnetically coupled Cu/Cu pairs with an
isotropic g-value of g0 = 2.145 and a large peak-to-peak linewidth of ∆Bpp « 100mT transforms
into a new EPR signal. After 12 days, no further changes were observed. The resulting intense
and slightly anisotropic signal with g = 2.175 and a significantly smaller peak-to-peak linewidth of
∆Bpp = 15mT starts to evolve already after three days and is typical for S “ 1{2 spin systems
as found for monomolecular distorted octahedrally coordinated cupric ions [120]. However, the g-
and A- tensor anisotropy is not resolved due to the high concentration of paramagnetic centers.
This signal has been assigned to monomolecular cupric ion species that have been formed after
decomposition of the paddle wheel units under prolonged adsorption of water. After exposure to
humidity, also after prolonged storage at the air under ambient conditions over serveral weeks, the N2
adsorption isotherm (figure 6.1, appendix) and the XRD powder pattern (figure 6.2, appendix) reveal
a drastic decrease of the pore volume after a re-activation process, confirming the collapse of the
framework. Furthermore, NMR experiments of the water adsorption over [Cu3(btc)2]n showed that
the decomposition rate depends on the adsorbed water content. [109] The results of EPR spectroscopic
and other analytical studies of the water adsorption have been published recently. [106]
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Figure 2.2: cw X-band powder EPR spectra at room temperature of excited S “ 1 state of Cu/Cu pairs
in [Cu3(btc)2]n upon water adsorption over 14 days.
2.1.3 Adsorption of DTBN on [Cu3(btc)2]n
The antiferromagnetic coupling of the electrons in the Cu/Cu pairs is also influenced by the in-
corporation of paramagnetic guest molecules as it has been shown by EPR spectroscopy after the
adsorption of di-tert-butylnitroxide (DTBN) (figure 2.3) as published previously [107]. The changes
in the cw X-band EPR spectrum after the adsorption of DTBN (1DTBN: 1 DTBN molecule per 45
paddlewheel units, for details see 6.1) are illustrated in figure 2.3, left, compared to the activated
material before adsorption of DTBN, 1act. At 6K, the antiferromagnetically coupled Cu/Cu pairs
of the paddle wheel units are in the EPR silent S “ 0 ground state, therefore no EPR signal is
observed for 1act (figure 2.3a, left). Immediately after adsorption of DTBN, an intense signal is
observed at 6K with an isotropic g-value of g0 = 2.016 and a peak-to-peak linewidth of ∆Bpp =
5.2mT indicating that the antiferromagnetic coupling of the Cu/Cu-pairs is disturbed (figure 2.3b,
left). The shape and g-value of this signal differ significantly from the typical EPR signal of the
DTBN radical, which exhibits a three-line 14N hf pattern and an axially symmetric g-tensor (gxx,yy
= 2.0058, gzz = 2.0023 [121]). Moreover, in contrast to the radical EPR spectrum, the observed
signal of DTBN adsorbed on [Cu3(btc)2]n cannot be detected at room temperature, where only the
broad signal of the excited S “ 1 spin state of the antiferromagnetically coupled Cu/Cu pairs in
the paddle wheel units was observed. This signal of 1DTBN became observable only at tempera-
tures below 110K. This rather unusual behaviour for an EPR signal of a radical species is further
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Figure 2.3: Left: cw X-band powder EPR spectra at 6K of a) activated [Cu3(btc)2]n, b) 1DTBN immediately
after adsorption of DTBN, c) after thermal treatment of 1DTBN and d) after subsequent removing of the
DTBN molecules in vacuum. Right: simulated (a) and experimental (b) spectra of 1DTBN after thermal
treatment, showing the presence of three cupric ion species A, B and C. [107].
Table 2.1: Spin Hamiltonian parameters of Cu2` ions in [Cu3(btc)2]n after adsorption of di-tert-
butylnitroxide (DTBN) and thermal treatment of sample 1DTBN.a
species gxx,yy gzz ACuxx,yy [cm´1] ACuzz [cm´1]
A 2.052 2.224 25ˆ 10´4 201ˆ 10´4
B 2.054 2.280 21ˆ 10´4 166ˆ 10´4
C 2.052 2.274 24ˆ 10´4 188ˆ 10´4
aErrors: ∆gii “ ˘0.002, ∆ACuii “ ˘0.4ˆ 10´4 cm´1.
illustrated in the temperature dependence of its intensity (figure 6.3, chapter 6.1, appendix) that
significantly deviates from the Curie law valid for non-interacting paramagnetic species, the increase
of the line width at T ą 60K and the upward shift of the g-value in comparison with those reported
for DTBN [121]. It is assumed that the signal is due to DTBN radicals which are present in high local
concentrations in areas near the surface of the MOF particles where they are weakly adsorbed at the
open axial binding sites of the Cu2` ions from the paddle wheel units. At elevated temperatures,
the adsorbed radicals interact more and more with the S “ 1 state of the Cu/Cu pairs. As a result,
the radical spectrum broadens and cannot be detected anymore at T ą 110K.
Thermal treatment or prolonged storage under ambient temperature allowing for diffusion of the
DTBN molecules deeper into the pores induce a second change of the observed spectrum at 6K
(figure 2.3c, left). The resolved pattern is typical for monomeric Cu2` ions with S “ 1{2 with
hyperfine coupling to the 63{65Cu nuclei with nuclear spin I “ 3{2. Spectral simulations reveal
that the spectrum consists of a superposition of the spectra of three different cupric ion species
A, B and C (figure 2.3, right). The g- and A-tensor parameters (table 2.1) in combination with
HYSCORE experiments elucidate that the interruption of the antiferromagnetic coupling is due to
the coordination of the DTBN molecule to one cupric ion. The HYSCORE spectra revealed a 14N hf
coupling (I “ 1) of the Cu2` ion with a coordinating DTBN molecule, and also a 63Cu hf coupling
(I “ 3{2) with the second copper nucleus from the paddle wheel unit (figure 6.4, chapter 6.1,
appendix).
After thermal treatment or prolonged storage at room temperature, the initially axially coordinated
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Figure 2.4: The rearrangement of DTBN adsorbed at [Cu3(btc)2]n (R = tert-butyl). The geometry with
axially coordinated DTBN (left) corresponds to spectrum b in figure 2.3, the equatorially coordinated DTBN
(right) gives rise to the signal in spectrum c in figure 2.3 for the Cu2` ion indicated by the red circle.
DTBN molecules switch into an equatorial position (figure 2.4). This is accompanied with an
antiferromagnetic interaction between the DTBN radical and a cupric ion leaving the spin of the
other cupric ion in the paddle wheel uncompensated. Such an interaction has also been discussed
for NO complexes with paramagnetic metal ions in which axial nitroxide coordination results in a
ferromagnetic coupling with the Cu2` ions but equatorial binding gives rise to an antiferromagnetic
coupling [122]. The coordination geometry around this uncompensated cupric ion is almost square
planar (species A) or stronger distorted (species B and C) which does not seem unlikely for such a
strong defect site in the framework.
Re-activation at 393K in vacuum removes the DTBN radicals without the formation of substan-
tial amounts of extra-framework Cu2` ions (figure 2.3, center, d) and without a collapse of the
[Cu3(btc)2]n framework as verified by X-ray diffraction powder patterns recorded before DTBN
adsorption and after removal of the nitroxide (see appendix, figure 6.5) [107].
2.2 Isomorphous substitution of Cu2` by Zn2` in [Cu3(btc)2]n
The relaxation times of the S “ 1 spin state of the Cu/Cu pairs are much too short to allow for
application of pulsed EPR techniques to explore adsorption at the Cu2` ions in [Cu3(btc)2]n [31].
At low temperatures, the antiferromagnetically coupled Cu/Cu pairs are in their EPR-silent S “ 0
ground state. Therefore, a diamagnetic dilution of the Cu/Cu pairs or a local interruption of the
antiferromagnetic coupling between the electron spins of the cupric ions in the Cu/Cu pairs was
pursued. The latter succeeded with the isomorphous substitution of one of the two Cu2` ions in
a few percent of the paddle wheel units by a diamagnetic ion leaving the spin of the other Cu2`
ion uncompensated. This results in an overall paramagnetic ground state with S “ 1{2 for the
mixed Cu/Zn paddle wheel unit and shall allow for a precise characterization of the coordinative
environment of the cupric ions by cw and pulsed EPR methods including their interaction with
adsorbates. According to size and charge, Zn2` ions are favoured to replace Cu2` ion on metal
sites in a lattice. Partial substitution of cupric ions by diamagnetic Zn2` is known to create
mixed Cu/Zn paddle wheel units with spin S “ 1{2 for monomolecular zinc-doped copper acetate
monohydrate [123,124]. In this chapter, the partial isomorphous Zn-substitution in a 3D network
structure is described. The synthesis and the characterisation with powder XRD analysis, N2
adsorption, atomic absorption spectroscopy (AAS), thermo gravimetric analysis (TG/DTA), 1H
magic angle spinning (MAS) nuclear magnetic resonance (NMR) as well as cw and pulsed EPR
spectroscopy of the resulting material have been published [108].
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Indeed, the formation of mixed-metal MOFs is emphasized in order to combine the properties of two
or even more metal components to tune the magnetic properties for distinct applications [28,73,85].
The incorporation even of higher amounts of Zn2` into cupric framework sites is hardly detectable
with X-ray diffraction analyses due to the electron density of Zn2` and Cu2`. Therefore, EPR
spectroscopy was applied to characterize also the incorporation of higher amounts of Zn2` into the
[Cu3(btc)2]n framework. The results have been published together with a quantitative 1H MAS
NMR and AAS analysis [125]. As an example to verify the concept of isomorphous substitution in a
metal organic framework, studies of the adsorption of CH3OH on [Cu2.97Zn0.03(btc)2]n are described
in chapter 2.3 which have also been published previously [108].
In chapters 2.4 and 2.5, the EPR spectroscopic analyses of the interactions between the paramagnetic
Cu2` ions and adsorbed 13CO2, 13CO, H2, D2 and HD molecules are described.
2.2.1 Synthesis and characterisation of [Cu2.97Zn0.03(btc)2]n (2)
Zn-substituted [Cu2.97Zn0.03(btc)2]n (2) has been synthesized using a slightly modified solvothermal
method already established for [Cu3(btc)2]n [116] by substitution of 10% of the Cu2` precursor by
the respective zinc compound. Afterwards, the sample was purified by extraction with ethanol,
activated and kept under nitrogen for further use. For activation, mild conditions were choosen
(T = 393K) to avoid the formation of Cu(I) as observed by IR spectroscopy after employing an
activation temperature of 473K [126,127]. For details, see appendix 6.1.
The Cu/Zn ratio in sample 2 was determined as 99:1 by AAS leading to the stoichiometric formula
[Cu2.97Zn0.03(btc)2]n. The powder XRD pattern confirmed that the overall framework structure of 2
is the same as the structure of the cubic [Cu3(btc)2]n (1) parent material (see appendix, figure 6.6).
The N2 adsorption isotherm of 2act (see appendix, figure 6.7) reveals a specific surface area of
1678m2 g´1 (Langmuir) and 1320m2 g´1 (BET), respectively, and an accessible total pore volume
of 0.60 cm3 g´1. For the parent [Cu3(btc)2]n, specific surface areas from 1153m2 g´1 to 1624m2 g´1
(Langmuir) and 1270m2 g´1 (BET) and pore volumes from 0.41 cm3 g´1 to 0.71 cm3 g´1 have been
reported, depending on the different synthetic methods. [114,116,128] For further characterization, the
activated material of 2 was rehydrated and thermogravimetric analysis (TG/DTA) of the rehydrated
material showed a total mass loss of 33.1%, which is ascribed to the release of adsorbed water
molecules up to a temperature of 573K (see appendix, figure 6.8). The thermal stability of 2 up
to 627K was in the same range as reported for the copper compound 1. Despite the presence of
paramagnetic copper ions, the 1H MAS NMR spectrum of 2act showed highly resolved signals like
the 1H MAS NMR spectrum of 1 (see appendix, figure 6.9). Both activated samples, [Cu3(btc)2]n
(1act) and [Cu2.97Zn0.03(btc)2]n (2act), showed the same signal at 8.3 ppm for the aromatic protons
of the framework confirming that the small amount of Zn2` in sample 2 has no significant effect on
the corresponding NMR spectrum.
From the results of powder XRD, N2 adsorption isotherms, TG/DTA and 1H MAS NMR it was
concluded that the isomorphous substitution of Cu2` by Zn2` in [Cu3(btc)2]n by a small amount
of Zn2` ions conserves the framework structure of the MOF material and its stability.
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Figure 2.5: Temperature dependent cw X-band EPR spectra of 2act. The isotropic signal at 273K disap-
pears at lower temperatures, instead a typical signal for axial cupric S “ 1{2 becomes visible.
2.2.2 cw EPR spectroscopy of 2
The isomorphous substitution of cupric ions by diamagnetic Zn2` ions was verified by cw EPR
spectroscopy. The interruption of the antiferromagnetic coupling in a few paddle wheel units was
expected to leave an uncompensated S “ 1{2 spin of the Cu2` ions in a mixed Cu/Zn paddle wheel
unit. Therefore, at low temperatures, when the Cu/Cu pairs are in the EPR-silent S “ 0 ground
state, a signal of a paramagnetic S “ 1{2 spin state was expected. The incorporation of the Zn2`
ions at a different position but not replacing the metal centers in the paddle wheel units would
not be detectable by EPR spectroscopy. Therefore, it was possible to obtain information about the
successful incorporation of Zn2` at Cu2` sites from cw EPR spectroscopy.
cw EPR spectroscopy at room temperature
X-band cw EPR measurements of the as synthesized and activated samples of [Cu2.97Zn0.03(btc)2]n
(2as and 2act) at room temperature (figures 2.5 and 6.11) showed the broad isotropic signal of the
excited S “ 1 state of the antiferromagnetically coupled Cu/Cu pairs. For comparison, the room
temperature EPR spectrum of the as synthesized and activated samples of [Cu3(btc)2]n (1as and
1act) are likewise illustrated (figure 6.11, see appendix 6.1). The g-value of this isotropic signal of
about g = 2.170 found for both 2as and 2act is in the range of g = 2.164 reported for 1act [31]. The
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Figure 2.6: cw EPR spectra at 6K with signals of cupric S “ 1{2 spins in a) 2as and b) 2act compared to
c) 1act with weak signal of extra-framework Cu2` species. Experimental spectra in black, simulated spectra
in blue.
Table 2.2: Spin Hamiltonian parameters at 6K of Cu2` ions in as synthesized [Cu3(btc)2]n and
[Cu2.97Zn0.03(btc)2]n (1as and 2as, resp.) and activated [Cu2.97Zn0.03(btc)2]n (2act).a
sample gxx gyy gzz ACuxx [cm´1] ACuyy [cm´1] ACuzz [cm´1] ref.
Zn1´xCux(ac)2¨2H2O 2.09 2.09 2.47 23ˆ 10´4 23ˆ 10´4 87ˆ 10´4 [129]
Cu2´xZnx(ac)4¨2H2O 2.052 2.082 2.344 ă 18ˆ 10´4 ă 23ˆ 10´4 147ˆ 10´4 [123]
1as 2.0874 2.0874 2.381 not res. not res. 152ˆ 10´4 [31]
2as 2.058 2.058 2.337 15 15ˆ 10´4 158ˆ 10´4
2act 2.046 2.046 2.279 32 32ˆ 10´4 190ˆ 10´4
aErrors: ∆gii “ ˘0.002, ∆ACuii “ ˘0.4ˆ 10´4 cm´1.
line width of the signal observed for 2as and 2act with ∆Bpp = 74mT appears to be somewhat lower
than found for 1 (85mT).
The characteristic intense EPR signal of the excited S “ 1 spin state in the room temperature EPR
spectra of 2as and 2act verified the presence of antiferromagnetically coupled Cu/Cu pairs in the
paddle wheel units as the major magnetic species in [Cu2.97Zn0.03(btc)2]n. The low concentration of
diamagnetic Zn2` ions is presumably not sufficient to interrupt these spin exchange paths. However,
the zinc incorporation might lead to minor modulations of the spin exchange processes in a way
that might account for small changes in the line width and line shape of the exchange narrowed
signal.
cw EPR spectroscopy at low temperature
The signal of the excited S “ 1 spin state of the antiferromagnetically coupled Cu/Cu pairs dis-
appears at lower temperatures, which can be seen in the temperature dependent spectra of the
activated sample 2act (figure 2.5). Instead of the broad isotropic signal observed at room temper-
ature, the typical anisotropic EPR powder pattern of a single Cu2` ion species with S “ 1{2 and
a well resolved 63,65Cu hf splitting into four lines developed below 80K (nuclear spin ICu “ 3{2).
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At 6K, both the as synthesized sample 2as and the activated samples showed a cupric ion S “ 1{2
signal (figure 2.6a and b). A likewise signal was not observed in the parent [Cu3(btc)2]n (1), for
which only a weak and poorly resolved signal of cupric ion impurities was detected (figure 2.6c).
The signal observed for 2 is due to a single Cu2` ion in a diamagnetically diluted surrounding and
can be described by the core spin Hamiltonian including the hf coupling and neglecting the nuclear
Zeeman and quadrupole interaction of the cupric ions:
HˆC “ 2pi
h
βe ~B ¨ g ¨ Sˆ ` 2piSˆ ¨ACu ¨ IˆCu ´ 2pi
h
βngn ~B0 ¨ IˆCu. (2.1)
The line widths of the S “ 1{2 spectra decreased towards lower temperature, because the dipolar
interactions between the paramagnetic S “ 1{2 spins and the S “ 1 spins decrease when the S “ 1
state of the Cu/Cu pairs becomes more and more depopulated at lower temperatures. In the spectra
of 2as and 2act, slightly different hf splittings due to the two copper isotopes 63Cu and 65Cu could
be distinguished at the low field gzz edge singularity at B0 « 270mT of the cupric ion EPR pow-
der pattern. In particular, the spectrum of the activated material (figure 2.6b) exhibited unusual
narrow line widths for Cu2` EPR signals of porous materials indicating that strain effects in the
Zeeman and Cu hf splitting (g- and A-strain) are almost absent. For the as synthesized sample
2as (figure 2.6a), the line width of the four hf signals at the gzz edge singularity, increased with
rising field from B0 = 260mT to 320mT due to some correlated g- and A-strain effects. [130] For
comparison, the signal of agglomerated extra-framework cupric ion species in the cw EPR spectrum
of 1act is weak and poorly resolved (figure 2.6c). Spectral simulations of the resolved cw Cu2` EPR
powder pattern of both samples 2as and 2act at 6K provided axially symmetric Zeeman and Cu hf
interaction tensors g and ACu significantly different from the ones observed for the extra-framework
cupric species in [Cu3(btc)2]n, 1as (table 2.2). Correlated g- and A-strain effects have not been in-
cluded in the spectral simulations.
cw EPR spectroscopy of [Cu3´xZnx(btc)2]n with x ą 0.03
It has been shown that the isomorphous substitution of different (x > 0.03) amounts of Cu2` is
possible up to 21% (x = 0.63) by substitution of the copper starting material by the corresponding
zinc precursor. [125] EPR spectroscopic studies of the resulting compounds with 0.5% Zn2` (x =
0.015), 3% Zn2` (x = 0.09), 5% Zn2` (x = 0.15), 10% Zn2` (x = 0.30) and 21% Zn2` (x = 0.63)
were carried out at 6K (figure 6.10, appendix). The g- and A-tensor parameters did not change
with increasing Zn2` content but are identical with the parameters found for [Cu2.97Zn0.03(btc)2]n
with x = 0.03. However, line broadening was observed with increasing Zn2` content, accompanied
also by an increase of a second, broad underlying signal, which has been assigned before to extra
framework agglomerated Cu2` species. [31] Since g- and A-strain effects were not observed, it was
concluded that the line broadening was caused by increasing dipolar coupling due to an increasing
amount of paramagnetic centers rather than a larger distribution of Cu2` ions in slightly different
coordination geometries. This confirmed the incorporation of Zn2` ions into the framework struc-
ture as mixed Cu/Zn paddle wheel units. With increasing number of paramagnetic Cu/Zn paddle
wheel units, the mean distance between the paramagnetic centers was reduced, and the enhanced
dipolar couplings resulted in the observed line broadening. Additionally, the broad underlying signal
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became stronger indicating the formation of extra-framework cupric ion species in the samples with
higher Zn2` content, as it was unambigously shown by NMR spectrosocopy. [125] This points to the
limit of isomorphous substitution in this system that seemed to be reached at a 50:50 mixture of
Cu2` and Zn2` ions in the starting mixture resulting in an inhomogenous mixture of compounds
instead of a uniform product. The limited possibility of isomorphous substitution in [Cu3(btc)2]n is
due to the different coordination preferences of Zn2` and Cu2` ions. [131] The structures of Zn-btc
frameworks e.g. [Zn(btc)(OH)]n´n consist of Zn2` ions that are tetrahedrally coordinated by four
O atoms of the carboxylate linker or of the OH group. [88,89] The Zn2` ions in the monomolecular
compound [Zn(ac)2(H2O)2] are likewise coordinated by four O atoms of the OH groups and the
H2O molecules. [132]
Discussion: cw EPR spectroscopy of 2
Whereas the parent and the Zn2` substituted MOF materials, 1 and 2, respectively, behaved similar
at room temperature, their EPR characteristics were completely different at low temperatures.
Both as synthesized samples 1as and 2as exhibit EPR signals of isolated paramagnetic Cu2` species
(S “ 1{2) but with very different intersities and spin Hamiltonian parameters indicating different
coordination environments of the cupric ions (table 2.2).
The Cu2` spin Hamiltonian parameters provide some rough guide to the overall coordination ge-
ometry of the metal ion based on extensive studies of known cupric ion compounds. In general, Azz
increases from approximately 70ˆ 10´4 cm´1 for tetrahedral symmetry, through elongated distorted
octahedral and square-pyramidal symmetry, to approximately 180ˆ 10´4 cm´1 for square-planar
symmetry, whereas gzz decreases from 2.516 to 2.245 for this sequence of coordination symme-
tries. [133,134]
The as synthesized sample [Cu3(btc)2¨H2O]n (1as), showed a weak EPR signal of Cu2` ions, those
spin Hamiltonian parameters (table 2.2) were typical for an elongated octahedral coordination.
They have recently been assigned to extra-framework cupric ion species that are accommodated as
[Cu(H2O)6]2` complexes in the pore system of 1as. [31,106] The Cu2` EPR parameters of the Zn2`
containing as synthesized sample 2as suggest a square pyramidal geometry. Such a coordination
environment was actually expected for a cupric ion in the paddle wheel unit of the as synthesized
material in which four oxygen atoms from the carboxylate groups forming the paddle wheels and an
axial water molecule are coordinating to the metal ion as known from single crystal XRD analysis [30].
Similar parameters but with a slightly orthorhombic g-tensor have been reported for monomolec-
ular Zn2` substituted copper acetate, [Cu2´xZnx(ac)4(H2O)2] [123] which can be regarded as the
molecular analogue of 2, further supporting the assignment of the observed S “ 1{2 EPR signal of
Cu2` ions to mixed Cu/Zn paddle wheel units (the parameters are included in table 2.2). In con-
trast, mononuclear Cu2` ions on Zn2` sites in distorted octahedral environment have been found in
the Cu 2` substituted zinc acetate [Zn1´xCux(ac)2(H2O)2] according to the zinc parent compound
revealing significantly different g- and A-tensor parameters (the parameters are also included in
table 2.2). [129,132]
After removing the axial ligand in 2as by activation in vacuum, a decrease of the principal value gzz
and an increase of Azz was observed for activated 2act (table 2.2). This indicates a transition from
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the square pyramidal towards a square planar coordination geometry when the axial water/solvent
molecule is removed from the cupric ion. Therefore, the appearance of a Cu2` S “ 1{2 spin state
at low temperatures together with the coordination geometries of the cupric ions indicated by the
EPR parameters is in accordance with their assignment to mixed Cu/Zn paddle wheel units for
the Zn2` substituted material 2. Furthermore, g- and A-strain effects were drastically reduced for
the EPR signals of the single Cu2` species in sample 2as and were almost absent in sample 2act
compared to the signals of the extra-framework Cu2` ions in the parent sample 1as. This suggests a
considerably more uniform local environment for the cupric ion species in 2 as expected when they
are incorporated at well defined framework sites in mixed Cu/Zn paddle wheel units.
2.2.3 Pulsed EPR spectroscopy of 2
In order to resolve the weak hf interactions between the Cu2` ions and the proton and 13C nu-
clei of the ligands and to confirm the formation of mixed Cu/Zn paddle wheel units, orientation-
selective pulsed ENDOR and HYSCORE spectroscopy was employed for an activated sample of
[Cu2.97Zn0.03(btc)2]n (2act). The spectral resolution of the cw EPR and FS ESE experiments are
in general not sufficient to resolve weak hf interactions. Pulsed ENDOR and HYSCORE measure-
ments allow the measurement of such weak ligand hf couplings which are usually hidden within the
line width of the EPR powder pattern. For an anisotropic EPR spectrum as observed for 2act, both
the principal values of the proton and 13C hf coupling tensors AH,C as well as the orientation of
their principal axes with respect to the g-tensor axis frame, which is expressed by the angle β, can
be determined by orientation-selective ENDOR and HYSCORE spectroscopy. The pulsed ENDOR
and HYSCORE spectra can be described using the following ligand spin Hamiltonian
HˆL “ 2pi
ÿ
H
SˆAHIˆ
H ´ 2pi
h
ÿ
H
βng
H
n
~BIˆ
H ` 2piSˆACIˆC ´ 2pi
h
βng
C
n
~BIˆ
C
, (2.2)
whereas the simulation of the HYSCORE spectra also comprise the angle β. [95] The pulsed spectra
were recorded at several observer positions across the Cu2` EPR powder pattern and thereby the
1H hf couplings are probed along various directions of the external magnetic field with respect to
the g-tensor frame.
Davies-ENDOR spectroscopy of 2act
Pulsed ENDOR measurements gave further evidence for the formation of binuclear Cu/Zn paddle
wheels in [Cu2.97Zn0.03(btc)2]n since the nuclear spin environment around the Cu2` ions was probed
allowing a direct comparison with atomic positions of selected framework constituents as obtained
from crystallographic data. Figure 2.7 illustrates a set of orientation-selective Davies ENDOR spec-
tra of the activated material 2act at X-band (figure 2.7, left) and in Q-band frequencies (figure 2.7,
right). The observer field positions, at which the ENDOR spectra were taken, are indicated by
asterisks in the corresponding FS ESE spectra (see appendix, figure 6.12).
The Davies-ENDOR spectra indicate that only protons with weak hf couplings not exceeding
2.50MHz were interacting with the cupric ions in sample 2act. Using spectral simulations, the
1H (IH “ 1{2) ENDOR signals from three distinct protons H1, H2, and H3 can be distinguished.
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Figure 2.7: Proton Davies ENDOR spectra of 2act at 6K. The simulated traces (blue) show the weighted
sum of the computed spectra of the three protons H1, H2 and H3 (the composition of the spectra is given
as an example in figure 2.8, left). For simulation parameters see table 2.3. Left: X-band spectra at a)
278.0mT, b) 292.2mT, c) 336.9mT, d) 340.6mT, e) 342.1mT, and f) 346.1mT. Right: Q-band spectra at
a) 1070.0mT, b) 1087.5mT, c) 1150.0mT, d) 1195.0mT, e) 1215.4mT, and f) 1226.2mT.
The simulation parameters are listed in table 2.3. A typical composition of the experimental X-band
Davies ENDOR spectra into the three subspectra of these protons H1, H2, and H3 is shown for the
spectrum recorded at 342.1mT at the gxx,yy spectral region of the Cu2` EPR powder pattern (fig-
ure 2.8, left). Orientation-selective Davies ENDOR spectra recorded at Q-band frequency indicate
likewise the presence of two of the three distinct protons (H1 and H2) in the environment of the
Cu2` ions (figure 2.7, right).
The most striking feature in the ENDOR spectra is the intense doublet of proton H1 observed
particularly well for irradiation close to the gzz and gxx,yy spectral positions (figure 2.7a and d,
left). The ENDOR doublet of proton H1 provides a characteristic spectral ’fingerprint pattern’ of
the nuclear environment of the cupric ions in activated [Cu2.97Zn0.03(btc)2]n (2act. This can be
recognized for further comparisons of the Cu2` coordination site in other samples. Protons H2 and
H3 only gave rise to weaker signals with smaller hf coupling. Unfortunately, no ENDOR responses
from neighbored Zn2` ions in the paddle wheel unit could be detected presumably due to the low
natural abundance of 4.11% of the only magnetic zinc nuclei 67Zn (IZn “ 5{2).
The complete hf coupling tensors AH1, AH2 and AH3 of all three interacting protons have been
obtained from spectral simulations of the orientation-selective X-band and Q-band Davies ENDOR
spectra in figure 2.7. Table 2.3 summarizes the principal values of the tensors AH1, AH2 and
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H1 
H2 
H3 
Cu 
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Figure 2.8: Left: a) experimental spectrum at 342.1mT, b) weighted sum of the simulated spectra for
protons H1 (c), H2 (d) and H3 (e). For simulation parameters see table 2.3.
Right: mixed Cu/Zn paddle wheel unit in 2act with hf interactions between the Cu2` center and the protons
H1, H2 and H3 of the aromatic rings derived from EPR spectroscopic data.
Table 2.3: 1H and 13C hfc parameters of Cu2` ions and Cu-H distances in 2act derived from ENDOR and
HYSCORE experimentsa compared to the Cu-H distances in [Cu3(btc)2]n from single crystal XRD data. [30]
nucleus AH,Cxx,yy [MHz] AH,Czz [MHz] β[°] AH,Ciso [MHz] T
H,C
K [MHz] rENDORCuH [Å] rXRDCuH [Å]
H1 -1.30 2.36 70 -0.080 1.220 4.03 4.30
H2 -0.50 0.90 62 -0.033 0.467 5.55 5.40
H3 -0.17 0.34 80 0 0.170 7.38 7.38
C1 1.395 4.640 70 2.477 1.082 (2.65) 2.84
aErrors: ∆AHii “ ˘0.02MHz, ∆β “ ˘10°, ∆AHiso “ ˘0.020MHz, ∆THK “ ˘0.020MHz, ∆rCuH “ ˘0.10Å
for H1, H2; ∆AHii “ ˘0.04MHz, ∆β “ ˘30°, ∆AHiso “ ˘0.040MHz, ∆THK “ ˘0.040MHz, ∆rCuH “ ˘0.20Å
for H3; ∆ACii “ ˘0.050MHz, ∆β “ ˘20°, ∆ACiso “ ˘0.050MHz, ∆TCK “ ˘0.050MHz for C1.
AH3, the Euler angles β defining the angle between the z principal axes of the g-tensor and of
the tensors AH1, AH2 and AH3 as well as the isotropic and dipolar hf coupling constants AHiso
and THK , respectively, computed from the principal values of the tensors A
H1, AH2 and AH3. The
determined tensors are axially symmetric within the given errors of the analysis. The isotropic and
dipolar coupling parameters AHiso and T
HK indicate that only distant protons located several bonds
away from the Cu2` ions interact with the metal ions. Additionally, in the central part of the
proton ENDOR spectra at the 1H Larmor frequency νHL even more distant protons with smaller hf
interaction as those of H1, H2 or H3 contribute to the ENDOR spectrum but have not been included
in the simulation procedure. Furthermore, the spectral simulations do not take into account effects
caused by the finite excitation width of the mw pulses. Both simplifications in the computations
may explain the differences in the intensities of the simulated and experimental spectra in particular
for signals close to νHL , whereas the line positions are satisfactorily reproduced by the simulations
of the pulsed ENDOR powder spectra.
The isotropic hf interaction parameters of the three protons H1, H2 and H3 are small and therefore
the unpaired electron spin density at the protons is negligible, and consequently it is justified to
evaluate the distances rCuH between the Cu2` ion and the protons from the dipolar hf coupling
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parameter using the point-dipole approximation [19]. In table 2.3, the distances rCuH computed from
the THK values are compared with the distances between a cupric ion in the paddle wheel and its
closest proton positions taken from the single crystal XRD data [30]. These are the three protons
from the neighbored btc ligands labeled H1, H2, and H3 in the schematic drawing of the Cu/Zn
paddle wheel unit displayed in figure 2.8, right. Magnetically equivalent protons from the four co-
ordinating btc linkers cannot be distinguished in the orientation-selective ENDOR spectra because
of the C4h symmetry of the Cu/Zn paddle wheel unit. The Cu-H distances of the protons H1, H2,
and H3 derived from the ENDOR results agree very well within the experimental accuracy with
the distances between the Cu2` ions in the paddle wheels and the three proton positions of the
next neighbored btc linkers obtained from the crystallographic data. Furthermore, the z axes of the
tensors AH1, AH2 and AH3 must point along the vector joining the cupric ion and the respective
proton within the limit of the point-dipole approximation. Here, the orientation of the z axis of the
tensors AH1, AH2 and AH3 is defined by the Euler angle β (table 2.3) between the z axes of the
tensors AH1, AH2 and AH3 and the Cu2` g- or ACu-tensor. As it also has been found in ENDOR
studies for the Zn2` substituted monomolecular compound [Cu2´xZnx(ac)4H2O2] [123], the z axes of
the tensors g and ACu are directed along the C4 axis of the paddle wheel unit defined by a vector
pointing from the Zn2` to the Cu2` ion. From the crystallographic data [30] we can compute the an-
gles ? = 81°, 52° and 80° between the C4 axis and the vectors pointing from the cupric ion towards
the positions of protons H1, H2, and H3, respectively. These angles are in good agreement with
the Euler angles β of the proton hf coupling tensors AH1, AH2 and AH3 determined by ENDOR
spectrocopy to be βH1 = 70°, βH2 = 62°, and βH3 = 80°, respectively (table 2.3). It can be concluded
that the results of the 1H pulsed ENDOR experiments confirm the formation of mixed binuclear
Cu/Zn paddle wheels in [Cu2.97Zn0.03(btc)2]n (2) and further show that the framework structure
including the next neighbored btc ligands has not significantly been altered by the Zn2` substitution.
HYSCORE spectroscopy
The HYSCORE spectra of the activated sample 2act were measured at 280.0mT and 340.8mT
(indicated as circles in figure 6.12, appendix). The spectrum taken at 340.8mT (gxx,yy position)
displays only two narrow proton cross peaks located close to the Larmor frequency of the protons (νHL
= 14.51MHz) at (15.3, 13.9) MHz and (13.9, 15.3) MHz (figure 2.9b). Their maximum frequency
spread corresponds to a hf coupling of about 2.4MHz. Therefore, they are assigned to proton
H1 whose hf tensor AH1 has been determined already by ENDOR spectroscopy (table 2.3). H1
provides only faint cross peaks at (12.5, 11.4) MHz and (11.4, 12.5) MHz in the spectrum measured
at 280.0mT (gzz position, figure 2.9a). Spectral simulations of the HYSCORE correlation features of
H1 using the parameters derived from the ENDOR experiments support this assignment (figure 2.9c
and d). The correlation features of the other protons H2 and H3 are suppressed by the chosen pulse
delays τ in the spectra illustrated in figure 2.9, but give rise together with other, even more weakly
coupled protons, to intense correlation peaks at the 1H Larmor frequency in the spectra recorded
with shorter τ values at both field positions, 340.8mT and 280.0mT (see appendix, figure 6.13e
and f).
Furthermore, a rough estimate for the hf coupling of Cu2` and 13C in sample 2act was derived
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Figure 2.9: Experimental (a+b) and simulated (c+d) HYSCORE spectra at X-band frequenices of activated
[Cu2.97Zn0.03(btc)2]n (2act) at 6K: a, c) 280.0mT (τ = 166 ns), b, d) 340.8mT (τ = 134 ns). For simulation
parameters see table 2.3.
from an analysis of the 13C cross peak ridges from (6.0, 1.5) MHz to (4.3, 3.3) MHz and from
(3.3, 4.3) MHz to (1.5, 6.0) MHz at 280.0mT and from (4.8, 1.4) MHz to (3.7, 2.5) MHz and
from (2.5, 3.7) MHz to (1.4, 4.8) MHz at 340.8mT (figure 2.9a and b). Here, the maximum
curvature of the cross peaks appears in the spectrum measured at the gxx,yy position (figure 2.9b).
This indicates that the angle β between the z axes of the tensors AC and g is larger than 45°.
The angle β and the dipolar hf coupling parameter can be estimated from their maximum shift
∆νsmax along the ν1 “ ´ν2 frequency axis at the 13C Larmor frequency towards higher frequency in
the HYSCORE spectra [103]. The precise hf coupling parameters of the observed 13C nucleus C1 for
sample 2act were likewise determined by spectral simulations (figure 2.9b and d) and are summarized
in table 2.3. Although a 13C hf coupling tensor could be determined, a reliable assignment to a
specific carbon site in the framework is not straightforward. Using the point-dipole approximation
(equation 1.10), the TCK parameter provides a Cu-C distance to the next neighbored carbon atom
of about 2.65Å which is slightly smaller than the distance 2.84Å to the carboxylate C atom taken
from the crystal structure [30]. Therefore, spin delocalization effects across the paddle wheel units
have to be considered that prevent a solid interpretation of the 13C hf couplings. Quantum chemical
calculations of the hf interactions to clarify the nature of the found 13C hf coupling parameters and
their assignement are beyond the scope of this work.
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2.2.4 Summary: Zn2` substitution
The cw and pulsed EPR spectroscopic results show that paramagnetic Cu2` ions in the paddle
wheel units of [Cu3(btc)2]n have been successfully substituted by diamagnetic Zn2` ions in low
concentrations. The magnetically diluted binuclear Cu/Zn paddle wheel units give rise to a para-
magnetic behavior of the framework at low temperatures. The majority of the paddle wheels units
are still formed by the antiferromagnetically coupled Cu/Cu pairs that determine the magnetic
properties of the [Cu2.97Zn0.03(btc)2]n at temperatures above 100K. However, the isomorphous
substitution of Cu2` ions by Zn2` ions in [Cu3(btc)2]n seems to be limited to low concentrations of
about 21% [125], a higher diamagnetic dilution of the Cu/Cu pairs was not successful for this system
because of the different coordination geometry of the Zn2` ions in the Zn-btc compounds [88,89]. For
EPR spectroscopic investigations, doping concentrations of 0.5% to 1% are preferred for this metal
organic framework to obtain well resolved spectra with sharp lines and to avoid extra-framework
cupric ion species. In the following sections, adsorption experiments with [Cu2.97Zn0.03(btc)2]n are
described.
2.3 Adsorption of methanol on [Cu2.97Zn0.03(btc)2]n
For adsorption of methanol (CH3OH, MeOH), an activated sample of [Cu2.97Zn0.03(btc)2]n was
exposed to methanol vapour at room temperature for one hour using a homebuilt glass apparatus
(for details see appendix). After adsorption of MeOH, the sample was immediately sealed without
further contact to air. Sample 2MeOH has been studied by cw and pulsed EPR spectroscopy.
Afterwards, the methanol was removed by re-activation in vacuum. The re-activated sample 2react
was again measured by cw EPR spectroscopy at 6K. The EPR spectroscopic results of adsorption
of methanol over [Cu2.97Zn0.03(btc)2]n have been published [108].
2.3.1 cw EPR spectroscopy of 2MeOH
At room temperature, the sample 2MeOH with adsorbed methanol showed likewise the broad isotropic
signal at g0 = 2.170 of the S “ 1 state of the antiferromagnetically coupled Cu/Cu pairs (figure 6.11,
appendix). At low temperature, the EPR powder pattern of a Cu2` S “ 1{2 spin with resolved
hf coupling to the 63{65Cu nucleus with ICu “ 3{2 is observed for sample 2MeOH (figure 2.10b).
The Cu2` spin Hamiltonian parameters of the methanol adsorbed sample as derived from spectral
simulations based on the core spin Hamiltonian in equation (2.1) and are listed in table 2.4.
The obtained principal values of the tensors g andACu of the cupric ions in 2MeOH differ significantly
from the ones found for the activated material 2act and indicate a change in the Cu2` coordination
geometry upon adsorption of MeOH. The increase of the principal value gzz and the decrease of
ACuzz indicate a transition from a square planar towards a square pyramidal geometry. [133] The single
crystal XRD analysis revealed such a geometry for the as synthesized material 2as in which a water
molecule coordinates to the axial binding site of the Cu2` ion [30]. The EPR parameters found for
2MeOH are very similar to the ones obtained for 2as (table 2.4. Therefore, it can be assumed that
MeOH molecules are likewise coordinating to the free axial binding sites of the Cu2` ions in the
Cu/Zn paddle wheel units. Reactivating the sample at 373K resulted in the spectrum illustrated
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Figure 2.10: Cw X-band EPR spectra at 6K of 2act (a), 2MeOH (b) and after re-activation (2react) (c).
Simulation in blue, for simulation parameters see table 2.4.
Table 2.4: Spin Hamiltonian parameters of Cu2` ions in 2MeOH, 2act and 2as.a
sample gxx,yy gzz ACuxx,yy [cm´1] ACuzz [cm´1]
2act 2.046 2.279 32ˆ 10´4 190ˆ 10´4
2MeOH 2.060 2.336 15ˆ 10´4 158ˆ 10´4
2as 2.058 2.337 15ˆ 10´4 158ˆ 10´4
aErrors: ∆gii “ ˘0.002, ∆ACuii “ ˘0.4ˆ 10´4 cm´1.
in figure 2.10c, taken at 6K. The spectrum is almost identical to that of the activated material 2act
prior to methanol adsorption (figure 2.10a) and verifies that the adsorption/desorption of methanol
is reversible.
Like in 2act (figure 2.10a), the line widths of the Cu2` EPR signals in 2MeOH are sufficiently small
to resolve the hf splitting from both copper 63Cu and 65Cu isotopes at the gzz spectral position,
however the increase of the line widths of the four Cu2` hf signals with rising field indicates the
presence of some correlated g- and A-strain effects. Similar g- and A-strain effects have been
observed for the as synthesized sample 2as being somewhat larger in comparison to the activated
material 2act. This indicates that the coordination of the adsorbate lead to a slightly enhanced
structural variation at the Cu2` center presumably due to small differences in the orientation of
the adsorbed methanol molecules. The comparison of the experimental and simulated spectra of
the activated and methanol adsorbed samples shows the presence of an additional very broad signal
that is superimposed on the nicely resolved Cu2` EPR powder pattern (figure 2.10b). This broad
spectral feature is tentatively assigned to agglomerated cupric ion species but precaution has to be
taken since it has not been observed in the re-activated spectrum anymore.
2.3.2 Pulsed EPR spectroscopy of 2MeOH
With orientation selective Davies-ENDOR and HYSCORE experiments, the 1H and 13C hf inter-
actions to the adsorbed MeOH molecules are investigated. Hereby, information is obtained about
the coordination geometry of the Cu-MeOH complex which is hardly accessible by other analytical
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Figure 2.11: Proton Davies-ENDOR powder spectra at 6K of 2MeOH at 280.0mT (a) and 338.9mT (b).
The simulated spectra (blue) are the sum of the computed spectra for the four protons H1 (˝) and H4 (˚),
superposition of signals of protons H2 and H3 are marked with arrows. Protons H5 (`) and H6 (#) are not
included in the simulation. For simulation parameters see table 2.5.
techniques. The field positions of the orientation-selective Davies-ENDOR and HYSCORE spectra
are marked in the FS ESE spectrum of 2MeOH (see appendix, figure 6.15). The obtained spectra
can be simulated on the basis of the ligand spin Hamiltonian in equation (2.2) including the proton
and 13C Zeeman and hf interactions. From the observed proton hf coupling, the Cu-H distance to
the OH group was estimated using the point-dipole approximation in equation (1.10). Geometrical
considerations allow the deduction of the Cu-O distance and of a structural model for the Cu-MeOH
complex.
Davies-ENDOR spectroscopy of 2MeOH
Davies-ENDOR measurements of 2MeOH at the gzz and gxx,yy spectral positions showed again the
characteristic doublet of proton H1 with its splitting of approximately 1.22MHz indicating that the
environment of the cupric ions is conserved upon methanol adsorption (figure 2.11). The signals of
the protons H2 and H3 were also observed but less pronounced. Besides the signals of the protons
H1, H2 and H3, the spectra of 2MeOH showed additional 1H ENDOR signals with a huge splitting
of about 7MHz (proton H4) only observed for measurement at the gzz position. Additionally, two
smaller splittings of 3MHz (proton H5) and 0.75MHz (proton H6) were recognized in the spectra
but not taken into account by the simulations. These new signals were assigned to pronounced
anisotropic 1H hf interactions of the Cu2` ions with protons from adsorbed MeOH molecules.
HYSCORE spectroscopy of 2MeOH
As pulsed EPR methods based on ESEEM techniques are particularly well suited for the study of
highly anisotropic proton hf couplings [19], orientation-selective HYSCORE spectroscopy at X-band
frequency was employed for sample 2MeOH to elucidate the interaction of the Cu2` ions with MeOH.
The HYSCORE spectra clearly demonstrate the effect of the methanol adsorption on the local Cu2`
environment (figure 2.12A-D). The pulse delays τ were selected in such way that modulations from
protons with large hf interactions were enhanced.
Intense 1H cross peak ridges at the proton Larmor frequencies (νHL = 11.9MHz - 14.5MHz) with
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Figure 2.12: 2D HYSCORE spectra of 2MeOH: A)-D) experimental at 6K, a)-d) sum of simulated 1H and
13C spectra of H4, H5 and C2, a)-d) simulated 1H and 13C spectra of H4 (blue), H5 (red) and C2 (green).
A,a,a) 278.0mT (τ = 166 ns), B,b,b) 288.5mT (τ = 160 ns), C,c,c) 321.0mT (τ = 144 ns), and D,d,d)
338.9mT (τ = 136 ns). For simulation parameters see table 2.5.
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β = 17° 
Figure 2.13: Coordination of CH3OH to the Cu2` ion of a mixed Cu/Zn paddle wheel unit in 2MeOH
derived from ENDOR and HYSCORE data. The Cu-O distance rCuO “ 2.20Å was derived from geometrical
considerations (rCuH “ 2.82Å, β = 17° obtained by EPR, rOH “ 0.96Å [131]).
Table 2.5: Additional proton hfc parameters and Cu-H distances in 2MeOH derived from Davies-ENDOR
and HYSCORE experiments compared to the those two protons Ha and Hb of the H2O molecules in
[Cu2´xZnx(ac)4(H2O)2] [124]. AH,Cii , A
H,C
iso , T
H,C
K in [MHz].a
nucleus AH,Cxx AH,Cyy AH,Czz β AH,Ciso T
H,C
K rENDORCuH [Å] rXRDCuH [Å]
H4 -3.30 -3.30 7.38 17° 0.260 3.560 2.82 –
H5 -2.00 -2.00 3.90 40° -0.033 1.967 3.44 –
C2 1.05 1.05 3.65 70° 1.917 0.867 (2.4) –
Ha -2.41 -3.25 6.39 0.24 3.1 2.9
Hb -3.12 -3.77 7.97 0.36 2.9 2.7
aErrors: ∆AHii “ ˘0.05MHz, ∆β “ ˘10°, ∆AHiso “ ˘0.050MHz, ∆THK “ ˘0.050MHz, ∆rCuH “ ˘0.10Å for
H4, H5; ∆ACii “ ˘0.05MHz, ∆β “ ˘20°, ∆ACiso “ ˘0.050MHz, ∆TCK “ ˘0.050MHz for C2.
substantial anisotropic hf couplings were detected in the spectra recorded after exposure to methanol
(2MeOH) in accordance with the ENDOR results. At 278.0mT, corresponding to the gzz spectral
position, two pairs of pronounced cross peak ridges were found: a very intense pair at (9.5, 14.7)
and (14.7, 9.5) MHz and a second somewhat less intense pair at (10.8, 13.1) and (13.1, 10.8) MHz
(figure 2.12A). The former correlation feature is assigned to proton H4 and the latter to H5
already observed in the pulsed ENDOR spectrum at the gzz position (figure 2.11a). The HYSCORE
spectrum taken at 338.9mT corresponding to the gxx,yy position is dominated by the intense cross
peaks of H4 at (13.3, 15.8) and (15.8, 13.3) MHz (figure 2.12D). The smaller splitting of the cross
peaks for the gxx,yy position indicates a smaller hf coupling of proton H4 within the gxx,yy plane.
Consequently, its hf interaction tensor AH4 is oriented in such a way that its z-principal axis
belonging to the largest principal value Azz and the z-axis of the CuII g-tensor form an angle of β
ă 45°. Indeed, simulations of the HYSCORE spectra of proton H4 (figure 2.12a-d, blue) support this
interpretation and provide angle β = 17° between the two z-axes of the tensors AH4 and g. In order
to account for the width of the cross peak ridges of proton H4 in the HYSCORE spectrum measured
at the gzz-position (figure 2.12A), a Gaussian distribution of the angle β with a distribution width
∆β = 12°´14° was assumed in the simulations. The principal values of AH4 (table 2.5) indicate
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the substantial anisotropic hf coupling TH4K of H4 whereas the isotropic hf interaction AH4iso is small.
The two HYSCORE spectra at the intermediate field positions 288.5mT and 321.0mT display also
weak cross peaks of proton H5 (figure 2.12B and C), whereas these cross peaks are not clearly
resolved in the spectrum taken at 338.9mT (figure 2.12D). However, the appearance of weak shoul-
ders at both sides of the cross peak ridges of proton H4 indicate a superposition with additional less
intense cross peaks at (12.4, 16.7) and (16.7, 12.4) MHz and at (13.9, 15.2) and (15.2, 13.9) MHz
from two other protons. The former pair of cross peaks is tentatively assigned to proton H5. The
position of the inner shoulders (13.9, 15.2) and (15.2, 13.9) MHz suggests that they belong to proton
H1 as they are comparable with its cross peak positions observed in sample 2act before exposure to
methanol (figure 2.9b). Because of the poorly resolved cross peak ridges of proton H5 (figure 2.12a-
d, red), only a rough estimate for its hfc parameters could be deduced from spectral simulations of
the HYSCORE spectra (table 2.5).
In the HYSCORE spectra for 2MeOH, also cross peak ridges arising from 13C nuclei were detected at
the corresponding Larmor frequencies (νCL = 3.0MHz -3.6MHz). The
13C hf coupling parameters
of the cupric centers in 2MeOH with nucleus C2 has been estimated from spectral simulations of
the HYSCORE spectra in figure 2.12a-d, green, and indicate slight deviations compared to the
parameters found for C1 in activated 2act. Precaution has to be taken since the low intensity of
the 13C cross peak ridges (natural abundance of 13C is 1.07%) leads to a rather large error in the
determination of the 13C hfc parameters. Finally, it has to be noted that only relative signs of the
principal values of the hf coupling tensors in table 2.5 were obtained by the experiments but their
absolute signs could not be determined.
2.3.3 Discussion
The spectra of sample 2MeOH reveal the presence of an additional proton H4 with substantial
anisotropic hf coupling and small value of AHiso. Small isotropic proton ligand hf interactions of
less than 1MHz are indicative for an axial ligand as the overlap between the ligand atomic orbitals
and the spin bearing dxy Cu2` atomic orbital is negligible. [133] The THK value of H4 translates
into a Cu-H4 distance of rCuH4 = 2.82Å using the point-dipole approximation in equation (1.10)
(table 2.5). The found Euler angle β = 17° of the tensor AH4 proves likewise that the MeOH
molecule coordinates to the free axial binding site of the metal ion. Comparable 1H hf coupling
parameters have been obtained for the H2O molecule that coordinates axially to the Cu2` ions in
[Cu2´xZnx(ac)4(H2O)2] [124] included in table 2.5 for comparison. The other proton H5 observed
in the HYSCORE spectra with a smaller hf coupling (ă 4.3MHz) is assigned to one of the three
methyl group protons of the adsorbed CH3OH molecule.
Besides the 1H proton hf coupling tensor, the HYSCORE experiments provide also information
about the hf interaction of the paddle wheel Cu2` ions with 13C nuclei. For 2MeOH, a 13C hf
coupling tensor could be determined but an assignment to a specific C atom is not reliable. From
the dipolar coupling parameter THK = 0.875MHz, the Cu-C distance to the nearest neighbour C
atom in 2MeOH would be about 2.4Å according to the point-diplole approximation equation (1.10).
But this distance would be shorter than the nearest Cu-C distance of 2.84Å found in the parent
[Cu3(btc)2]n material [30] and hence it seems to be too short for the distance to the C atom of the
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methanol CH3 group. However, the decrease in ACiso upon coordination of the MeOH molecule to
the Cu2` ion via its open axial binding site indicates already the significant influence of the axial
ligand on the details of the spin density distribution and electronic structure of the Cu/Zn paddle
wheel unit.
With the Cu-H4 distance of rCuH4 = 2.82Å and the angle β = 17°, one can calculate the Cu-O
distance to the coordinating oxygen atom of the OH group of methanol to be rCuO = 2.20Å by
geometrical calculations, assuming an O-H bond length of 0.96Å [131] (figure 2.13). Accordingly, the
angle ?(Cu-O-H) is derived to be 120°. The Cu-O distance determined for MeOH coordinated at
the Cu2` ions in 2MeOH is almost identical with the Cu-O distance of the H2O molecules coordinated
to the Cu2` ions in [Cu3(btc)2]n known from the single crystal XRD data. [30] These results indicate
that MeOH coordinates in a similar geometry to the Cu2` in the Zn2` substituted material 2MeOH
than the H2O molecules in the parent [Cu3(btc)2]n.
2.3.4 Summary: adsorption of MeOH
The CuII spin Hamiltonian parameters obtained by cw EPR spectroscopy indcate a strong axial
distortion of the ligand field upon adsorption of methanol compared to the activated material
typical for a change in the coordination geometry of the Cu2` ion from square planar to square
pyramidal. The g-, ACu-tensor parameters obtained for 2MeOH by spectral simulations are in
good agreement with the ones found for the monomolecular compound [Cu2´xZnx(ac)4(H2O)2]
with axially coordinated water molecules. [123] Therefore, an axial coordination of the methanol
molecules via the open binding site of the cupric ion in the mixed Cu/Zn paddle wheel units is
assumed.
Pulsed ENDOR and HYSCORE spectroscopy confirm the proposed coordination of the methanol
at the free axial Cu2` binding site and provide further information about the geometry of the
adsorption complex. Proton H4 is assigned to the hydroxyl proton of an axially coordinating
MeOH molecule with a distance rCuH4 = 2.82Å to the Cu2` ion, which is in the range between the
ENDOR-derived Cu-H distances of 2.9Å and 3.1Å and the single crystal X-ray determined Cu-H
distance of 2.7Å and 2.9Å for the two protons of the H2O molecule in [Cu2´xZnx(ac)4(H2O)2]. [124]
The angle β between the main direction of the hf coupling and the z-direction of the g-tensor, which
is coaxial to the C4 axis of the paddle wheel unit and the Cu-O distance vector, respectively, is
determined for 2MeOH to be 17°. The MeOH molecule binds via its oxygen atom to the cupric ion of
the mixed Cu/Zn paddle wheel unit in a distance rCuO = 2.20Å with an angle ?(Cu-O-H) = 120°
(figure 2.13) which is very similar to the Cu-O distance of rCuO = 2.17Å to the axially coordinated
H2O molecules in the as synthesized material [Cu3(btc)2]n. [30]
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2.4 Adsorption of 13CO2 and 13CO on [Cu2.97Zn0.03(btc)2]n
The storage of carbon dioxide (CO2) has become of high relevance in the discussion on green house
gases [135–137]. Also the separation of CO2 from carbon monoxide (CO) and other gases from indus-
trial gas mixtures is an important process for which metal organic frameworks are discussed. [138]
Cu3(btc)2 is studied experimentally and theoretically with respect to CO2 storage [139–141] and the
separation of CO2 and CO from industrial gas mixtures. [138,142] Recently, Cu3(btc)2 has been im-
plemented in so-called mixed-matrix membranes exhibiting considerable enhancement in terms of
selectivity and permeability in the separation of CO2 from N2 and CH4 in binary mixtures compared
to the pure polymer membrane. [77,78]
In this work, a 2:1 excess of gas molecules to metal centers was adsorbed (for details see appendix).
13C enriched carbon monoxide and carbon dioxide were used to enhance the signal intesity due
to the 13C nucleus with IC “ 1{2. The samples of activated Cu2.97Zn0.03(btc)2 with adsorbed
13CO2 (2CO2) and 13CO (2CO) were investigated by cw EPR spectroscopy in a broad temperature
range from 7K to 293K, by pulsed ENDOR and HYSCORE experiments at 7K to elucidate the
coordination geometry of adsorbed CO2 and CO molecules at the Cu2` ions.
From the comparison of the parameters found for 2CO2 and 2CO with the parameters of the activated
material 2act and after methanol adsorption (2MeOH), structural information on the coordination
geometry of the Cu2` ions were obtained. From the anisotropic hf coupling parameter TCK , the
distance rCuC between the electron spin and the coupling 13C nucleus was estimated using the point-
dipole approximation (1.10). On this basis, models of the Cu¨ ¨ ¨13CO2 and the Cu¨ ¨ ¨13CO adsorption
geometries are derived. The results of the EPR spectroscopic investigations were compared with
density-functional theory (DFT) calculations on charge neutral [CuZn(H2btc)4] model complexes
incorporating the mixed Cu/Zn paddle wheel units and the linking btc ligands.
2.4.1 cw EPR spectroscopy of 2CO2 and 2CO
cw EPR spectroscopy at room temperature
With cw EPR spectroscopy at room temperature, the overall conservation of the framework upon
adsorption was confirmed. The spectra of [Cu2.97Zn0.03(btc)2]n with adsorbed 13CO2 (2CO2) and
with adsorbed 13CO (2CO) exhibit the broad isotropic signal at g0 = 2.16 (∆Bpp = 67mT - 80mT)
which is already known from the excited S “ 1 spin state of the antiferromagnetically coupled
Cu/Cu pairs in the paddle wheel units in [Cu3(btc)2]n and [Cu2.97Zn0.03(btc)2]n (figure 6.11, ap-
pendix). [31,108] The occurrence of this signal in the room temperature cw EPR spectra of samples
2CO2 and 2CO indicates that the framework remained intact after adsorption of 13CO2 and 13CO.
cw EPR spectroscopy at low temperature
At 7K, well resolved signals of an S “ 1{2 spin system coupled to a single nuclear spin ICu “
3{2 were observed in both adsorbed samples 2CO2 and 2CO (figure 2.14). The principal g- and
ACu-tensor parameters as derived by spectral simulations based on the core spin Hamiltonian in
equation (2.1) are typical for axial symmetry at the Cu2` ions (table 2.6).
After adsorption of 13CO2, the principle value gzz increases significantly to gzz = 2.293 compared
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Figure 2.14: Experimental (black) and simulated (blue) cw X-band EPR spectra at 7K of 2act (a), 2CO2
(b) and 2CO (c).
Table 2.6: Spin Hamiltonian parameters at 7K of Cu2` ions in 2CO2 and 2CO compared to those of 2act.a
sample gxx,yy gzz ACuxx,yy [cm´1] ACuzz [cm´1]
2act 2.046 2.279 32ˆ 10´4 190ˆ 10´4
2CO2 2.049 2.293 26ˆ 10´4 182ˆ 10´4
2CO 2.051 2.300 23ˆ 10´4 175ˆ 10´4
aErrors: ∆gii “ ˘0.002, ∆ACuii “ ˘0.4ˆ 10´4 cm´1.
to the activated [Cu2.97Zn0.03(btc)2]n (2act) with gzz = 2.279. At the same time, the principal value
ACuzz of the 63{65Cu hfc tensor ACu decreases from ACuzz = 190ˆ 10´4 cm´1 to 182ˆ 10´4 cm´1.
In the spectrum of 2CO2 , the signal of sorbate-free Cu2` ions is still recognized and identified by
spectral simulation (figure 2.14b and figure 6.16, appendix). In order to influence the ratio between
both signals by enhancing a potentially hindered diffusion, sample 2CO2 was kept for 3.5 h at 323K
and subsequently another 2 h at 343K. After each thermal treatment, the sample was measured
again at 7K but the intensity ratio of the two signals did not change.
Temperature dependent cw X-band EPR measurements of 2CO2 and 2CO
To elucidate whether adsorption/desorption processes might be the reason for the occurance of the
signals of both Cu2` ion species in 2CO2 , temperature dependent cw X-band measurements were
employed for 2CO2 and 2CO in a temperature range from 7K to 272K (figure 2.15). For clarity,
only the spectra until 130K are shown. At temperatures ą 80K, the broad S “ 1 signal starts to
evolve for both, 2CO2 and 2CO.
The signals of the S “ 1{2 cupric species were observed until 80K without change in the Cu2`
spin Hamiltonian parameters. However, the intensity of all S “ 1{2 signals decreases slightly with
rising temperature, whereas an intensity shift from the signal of square pyramidal Cu2` (blue lines
in figure 2.15, left) in favour of the signal of the sorbate-free sqaure planar Cu2` (black lines in
figure 2.15, left) was not observed as it would have been expected upon desorption. Therefore, it
can be excluded that the decrease in the signal intensity in this temperature range was caused by
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Figure 2.15: Temperature dependent cw X-band EPR spectra of 2CO2 (left) and 2CO (right). The lines
mark the four EPR transitions corresponding to the principal z-directions of the g- and ACu-tensors for
square-planar Cu2` ions (black) and for square-pyramidal Cu2` ions (blue).
the desorption of 13CO or 13CO2. It is rather ascribed to the 1{T -dependence according to Curies
law as expected for paramagnetic behaviour. [5]
Besides the decrease of the intensity, a pronounced line broadening was observed in the spectra
for both samples 2CO2 and 2CO with rising temperature. It is qualitatively described by enhanced
dipolar interactions between the isolated S “ 1{2 CuII spins of the mixed Cu/Zn paddle wheel units
and the more and more populated excited S “ 1 spin state of neighbored Cu/Cu pairs.
From the temperature dependent EPR measurements, it is confirmed that the sorbate molecules
remain coordinated to the Cu2` ion at least until 80K (figure 2.15). It was not possible to monitor
the adsorption/desorption processes of the gaseous molecules on the Cu2` ions in the temperature
range from 7K to 273K by cw EPR spectroscopy under the applied conditions.
2.4.2 Pulsed EPR spectroscopy of 2CO2 and 2CO
To elucidate the coordination geometry of the cupric ions in [Cu2.97Zn0.03(btc)2]n with adsorbed
13CO2 and 13CO, orientation-selective pulsed ENDOR and HYSCORE experiments were performed.
The different field positions are marked with asterisks and circles for ENDOR and HYSCORE,
respectively, in the FS ESE spectra of 2CO2 and 2CO (figure 6.17, appendix). Despite the two
signals observed in the cw EPR spectrum of 2CO2 , only one signal was identified in the FS ESE
spectrum. Although only small shoulders occur at the lines, it has to be considered that eventually
both occupied and unoccupied cupric ions contribute to the spectra. The 13C hf interactions were
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taken into account by the ligand spin Hamiltonian
HˆL “ 2piSˆ ¨AC ¨ IˆC ´ 2pi
h
βngn ~B0 ¨ IˆC. (2.3)
In both experiments, HYSCORE and pulsed ENDOR, the intensities of the 13C hyperfine signals
observed for both samples 2CO2 and 2CO are significantly stronger than those for the activated
material 2act with 13C atoms in natural abundance. Furthermore, the signals observed for samples
2CO2 and 2CO revealed different hf splittings compared to the activated sample 2act.
Pulsed ENDOR and HYSCORE spectroscopy of 2CO2
For the interaction of 13CO2 with Cu2`, intense signals at the 13C Larmor frequency νCL with well-
resolved 13C cross peak ridges were observed in the 2D HYSCORE spectra of 2CO2 (figure 2.16). The
maximum shift ∆νSmax = 0.03MHz from the diagonal ν1 “ ν2 frequency axis found for the ridge from
(2.5, 3.5) to (3.5, 2.5) MHz in the spectrum at 280.0mT (B0 ‖ gzz, figure 2.16A) provided a rough
estimate for the dipolar coupling constant of TC,initialK = 0.48MHz as derived from equation (1.20).
The initial hf coupling parameters AC,initialzz = 1.0MHz and AC,initialxx,yy = ´0.4MHz as taken from
TC,initialK using A
C,initial
xx,yy “ ACiso´TCK and ACzz “ ACiso` 2TCK for an axially symmetric 13C hfc tensor
AC were used for the simulation. This corresponds to a frequency spread of about 0.7MHz of the
ridge from (4.0, 3.4) to (3.4, 4.0) MHz in the spectrum at 344.5mT (B0 ‖ gxx,yy, figure 2.16F). The
spectral refinement of the 13C hf interactions by simulations still had a large uncertainty because
of the additional strong signal without hf splitting at the Larmor frequencies. It is not clear from
the spectral simulations whether this signal arises from the same 13C nuclei or from different 13C
nuclei in greater distance.
The outer edges of the ridges corresponding to the principal values ACxx,yy and ACzz were sampled
more distinctly by pulsed ENDOR spectroscopy because the modulation intensity in the HYSCORE
experiment drops to zero near the canonical orientations of the hf coupling tensor. For sample 2CO2 ,
the Mims-ENDOR pulse sequence was applied at different field positions (figure 2.18, left). The
13C ENDOR spectra show signals indicative for small hf couplings. The largest splitting of about
1MHz was observed in the spectrum taken at 298.0mT (figure 2.18, left, c) indicating that the
principal z directions of the g-tensor and the 13C hf coupling tensor AC are not coaxial but exhibit
an angle in the range 0° ă β ă 45°. For coaxial tensors g and AC, the largest splitting would be
expected in z-direction of the g-tensor corresponding to a magnetic field position B0 = 280.0mT.
Additionally, a strong signal at the 13C Larmor frequency without pronounced spectral features
within the linewidth of « 0.4MHz was observed in the Mims-ENDOR spectra of 2CO2 . The spectral
simulations of the orientation-selective ENDOR spectra of the signal with resolved 13C hf splitting
reveal an axially symmetric 13C hf coupling tensor AC and an angle β = 25° between the principal
z directions of the tensors g and AC (table 2.7).
With the pulsed ENDOR measurements, it became clear that the HYSCORE signals derive from
two different 13C nuclei. Both components could not be reproduced by only one set of 13C hfc
parameters, as shown in the simulation of the ENDOR spectra (blue lines in figure 2.18). Con-
sequently, the strong signal at the Larmor frequencies was assigned to a second signal due to
distant 13C nuclei. The other 13C signal revealing the pronounced hf coupling of about 0.6MHz
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Figure 2.16: Orientation-selective experimental (A-F) and simulated (a-f) 2D HYSCORE spectra of
[Cu2.97Zn0.03(btc)2]n after adsorption of 13CO2 (2CO2) in the 13C nuclear Larmor frequency region at A,a)
280.0mT, B,b) 284.5mT, C,c) 291.5mT, D,d) 327.5mT, E,e) 339.8mT and F,f) 344.5mT at 7K. For
simulation parameters see table 2.7.
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Figure 2.17: Orientation-selective experimental (A-F) and simulated (a-f) 2D HYSCORE spectra of
[Cu2.97Zn0.03(btc)2]n after adsorption of 13CO (2CO) at A,a) 280.0mT, B,b) 284.5mT, C,c) 291.5mT, D,d)
327.5mT, E,e) 340.2mT and F,f) 344.3mT at 7K. For simulation parameters see table 2.7.
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Figure 2.18: Left: orientation-selective 13C Mims-ENDOR spectra of 2CO2 at a) 280.0mT, b) 284.5mT,
c) 298.0mT, d) 327.5mT, e) 339.2mT and f) 344.2mT. Right: orientation-selective 13C Davies-ENDOR
spectra of 2CO at a) 280.0mT, b) 327.5mT, c) 340.0mT, and d) 344.5mT at 7K. The parameters for the
simulations (blue) are listed in table 2.7.
at 344.2mT (figure 2.18f) corresponds to the shoulders of the signal observed in the HYSCORE
spectrum at 344.5mT (figure 2.16F). From spectral simulations of both, orientation-selective EN-
DOR and HYSCORE spectra, the principal values of the 13C hfs tensor AC of these more strongly
coupled ligand nuclei could finally be determined unambigously (table 2.7). Using the point-dipole
approximation in equation (1.10), the distance rCuC between the Cu2` ion and the coupled 13C
nucleus of the adsorbed 13CO2 was estimated to be rCuC = 3.34Å.
Pulsed ENDOR and HYSCORE spectroscopy of 2CO
The HYSCORE spectra of 2CO show intense cross peaks rather than ridges with a pronounced
splitting corresponding to one 13C nucleus coordinated at the Cu2` ion (figure 2.17). A second
signal, particularly at the 13C Larmor frequency, was not observed. In the HYSCORE spectrum at
280.0mT corresponding to the gzz-position, the cross peaks at (3.7, 2.3) MHz and (2.3, 3.7) MHz
reveal a spread of 1.5MHz (figure 2.17A). The maximum frequency spread of about 2MHz of
the strong cross peaks at (4.6, 3.1) and (3.1, 4.6) MHz observed in the spectrum at 344.3mT
(figure 2.17F) corresponds to a hfc parameter of ACxx,yy = ´2.0MHz.
The principal values ACxx,yy and ACzz of the A
C-tensor as determined from spectral simulations of
the HYSCORE spectra, and the angle β between the principal axes of the g-tensor and AC hfc
tensor are listed in table 2.7. The 13C hf coupling tensor AC of sample 2CO reveals axial symmetry
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Table 2.7: 13C hfc parameters of Cu2` ions and Cu-13C distances in 2CO2 and 2CO derived from pulsed
EPR experiments compared to calculated values. The 13C hf parameters of 2act and 2MeOH are given for
comparison. Aii,ACiso and T
CK in MHz.a
sample ACxx ACyy ACzz β ACiso T
CK rENDORCuC [Å]
2CO2
exp. -0.60 -0.60 1.00 25° -0.060 0.533 3.34
calc. -0.42 -0.32 0.90 22° 0.033 0.433 3.60/3.27b
2CO
exp. -2.00 -2.00 1.50 0° -0.833 1.167 2.57
calc. -1.71 -1.71 1.30 0° -0.707 1.003 2.72/2.42b
2act 1.395 1.395 4.64 70 2.477 1.082 n. det.
2MeOH 1.05 1.05 3.65 70 1.917 0.867 n. det.
aErrors: ∆ACii “ ˘0.07MHz, ∆β “ ˘10°, ∆ACiso “ ˘0.070MHz, ∆TCK “ ˘0.070MHz, ∆rCuC “ ˘0.10Å.
bFirst value derived from the calculated TCK using the point-dipole approximation in equation (1.10),
second value obtained from geometry optimization.
and a considerable negative isotropic contribution ACiso = ´0.833MHz. The principal z axes of the
tensors AC and g are coaxial (β = 0°). The distance rCuC between the Cu2` center and the 13C
atom was derived from TCK = 1.167MHz using the point-dipole approximation in equation (1.10)
as rCuC = 2.57p10qÅ.
Futhermore, Davies-ENDOR spectroscopy was applied at different field positions to verify the prin-
cipal values and also the angle β (figure 2.18, right). In the case of 13CO adsorption, no signals
at the 13C Larmor frequency from distant 13C nuclei were found in pulsed ENDOR spectra. The
signal-to-noise ratio is fairly low near the gzz-position, because of the small intensity of the EPR
spectrum at this edge singularity resulting in a weak echo response. The Davies-ENDOR spectra
could be represented well with the tensor parameters determined by HYSCORE spectroscopy and
confirmed in particular the angle β = 0°.
DFT calculations
DFT calculation were performed in cooperation with P. Petkov, G. Vayssilov, University of Sofia,
and T. Heine, Jacobs University Bremen. In a first step, a geometrical optimization was carried
out for the adsorption of CO and CO2 molecules at the Cu2` ion of a paddle wheel unit. A
[CuZn(H2btc)4] complex with terminal carboxylic acid groups was used as a model system (for fur-
ther computational details, see chapter 6.1, appendix). Selected bond distances and bond angles for
the optimized model complexes of [CuZn(H2btc)4], [CuZn(H2btc)4(CO)] and [CuZn(H2btc)4(CO2)]
are listed in table 6.2, appendix, the optimized structures are shown in figure 6.18, appendix. In
a second step, the hfc parameters of the 13C hfc tensor AC were calculated and compared with
the experimentally observed parameters. The calculated parameters are included in table 2.7. The
results of the DFT calculations will be adressed and discussed in the next chapter.
2.4.3 Discussion
The shifts of the gzz and ACuzz principal values upon adsorption of 13CO2 and 13CO are typical for
an axial distortion of the ligand field and indicate a change in the coordination geometry of the
Cu2` ions from square planar to square pyramidal. [5,133] An even larger shift was observed for the
adsorption of methanol upon [Cu2.97Zn0.03(btc)2]n (chapter 2.3, table 2.4).
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β = 0° 
Figure 2.19: Schematic representation of a mixed Cu/Zn paddle wheel unit in [Cu2.97Zn0.03(btc)2]n with
13CO (2CO). Distance rCuC = 2.57Å and angle β = 0° as derived from pulsed ENDOR and HYSCORE
data.
Adsorption of 13CO
For the interaction between 13CO and Cu2`, an isotropic and dipolar hfc constantACiso =´0.833MHz
and TCK = 1.167MHz were determined. The principal z axes of the 13C hfc tensor A and the g-
tensor were found to be coaxial (β = 0°). The distance rCuC between the cupric ion and the 13C
atom was derived as rCuC = 2.57Å using the point-dipole approximation (1.10) (table 2.7).
These findings indicate a linear end-on coordination of the Cu2` ion by one 13CO molecule via the
13C atom in direction of the gzz axis (figure 2.19). The negative isotropic hfc constant ACiso indicates
that the magnetic Cu2` ¨ ¨ ¨13CO interaction is based on spin polarization rather than on an orbital
overlap. Also, ACiso ă 0 implies a linear coordination of the 13CO molecule with an angle ?(Cu-C-O)
= 180°. Otherwise, a stronger orbital overlap would be expected to be accompanied by a positive
contribution to ACiso resulting in a less negative value of A
C
iso. Therefore, it can be postulated that
the C4 symmetry of the paddle wheel unit is conserved upon adsorption of 13CO.
A tilted coordination with an angle ?(Cu-C-O) ă 180° is also not emphasized by theoretical inves-
tigations (see appendix, figure 6.18) as it also were not found for the parent [Cu3(btc)2]n. [143] The
optimized structure of the complex with CO coordinated to the Cu2` ion is very similar to that
proposed from the experimental EPR measurements. The calculated Cu-C distance of 2.42Å is
in good agreement with the experimentally obtained Cu-C distance of 2.57Å. The calculated 13C
hfc constants for adsorbed CO agree well with the experimentally measured values. The 13C hfc
tensor AC was found to be axially symmetric with ACxx,yy = ´1.71MHz, while the ACzz component
was calculated to be 1.3MHz. The calculated principal values are by 0.29MHz and 0.19MHz, re-
spectively, lower than the experimentally measured values, but represent the major characteristics
of the tensor AC, axial symmetry, dipolar hf coupling of about 1MHz, and negative isotropic hf
coupling (table 2.7).
No indication for different, e. g. internal and external, Cu2` ¨ ¨ ¨CO adsorption sites was found in
the EPR analysis as observed in IR studies. [126] It has to be taken into account that only 1% of
the coordinatively unsaturated metal sites that are involved in mixed Cu/Zn paddle wheel units are
probed by EPR spectroscopy and also that internal and external Cu/Zn paddle wheel units cannot
be distinguished by EPR. However, a 13CO molecule coordinating side-on as well as the coordination
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β = 25° 
Figure 2.20: Schematic representation of a mixed Cu/Zn paddle wheel unit in [Cu2.97Zn0.03(btc)2]n with
13CO2 (2CO2). Distance rCuC = 3.34Å and angle β = 25° derived from pulsed ENDOR and HYSCORE
data. Left: ϕ “ 0°, right: ϕ “ 5°-7°.
of more than one 13CO molecule [144] can be excluded according to the EPR data because in these
cases the angle β would have significant deviations from zero. Also, the possibility of a coordination
via the oxygen atom [145] to the Cu2` ions is not likely according to EPR data because the short
Cu-C distance found in these experiments does not allow the insertion of an oxygen atom between
the Cu2` center and the 13C atom.
Adsorption of 13CO2
For the interaction of 13CO2 and Cu2`, smaller isotropic and dipolar hf coupling constants ACiso
= ´0.060MHz and TCK = 0.533MHz, respectively, were found experimentally. The angle β = 25°
between the z axes of the g- andAC-tensors shows a significant deviation from a coaxial arrangement
of the g- andAC-tensors (table 2.7). Using the point-dipole approximation (1.10), the distance rCuC
between the Cu atom and the coupling 13C atom is estimated to be rCuC = 3.34Å.
By taking into account the chemically reasonable arrangements in which the angle at the oxygen
atom ?(Cu-O-C) is not smaller than 90° (90° ď ?(Cu-O-C) ď 180°), the Cu-O distance was es-
timated by geometrical considerations to be in the range of rCuO = 2.13Å for ?(Cu-O-C) = 180°
and rCuO = 3.12Å for ?(Cu-O-C) = 90° based on the 13C hfc parameters (figure 2.20). Hereby,
a C=O bond length of 1.22Å was assumed, [131] and it was neglected that the bond strength is
reduced by coordination and that therefore the bond length shall be somewhat elongated as it has
been observed in IR experiments. [146] Considering a calculated angle ?(Cu-O-C) between 110° and
123°, [141,147] the Cu-O distance was then determined to be in the range of rCuO = 2.53Å (123°) –
2.73Å (110°) with an angle ϕ = 5°-7° between the Cu-O distance vector and the C4 axis (figure 2.20).
The derived Cu-O distances are slightly larger than the calculated Cu-O distances of rcalc.CuO = 2.39Å
here and elsewhere [141] or rcalc.CuO = 2.29Å/2.49Å.
[147] The axial coordination of the O atom to the
Cu2` ion that leaves the 13C nucleus is in the second coordination sphere is also supported by a
significantly smaller isotropic hf parameter ACiso in contrast to adsorbed
13CO in sample 2CO.
The experimentally determined tilted coordination of the 13CO2 molecule is further supported by the
DFT caluclations (see appendix, figure 6.18, left). Especially the angle β = 22° for the coordination
of CO2 is in very good agreement with the experimentally determined angle of 25°, and the angle
ϕ = 5° is also close to the experimental value of 5°-7°. Furthermore, the CO2 molecule keeps its
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Figure 2.21: Variation of ACxx, ACyy and ACzz components of the A
C-tensor for adsorbed CO2, calculated for
different orientations of the CO2 molecule around the Cu-Zn axis. The in-plane components ACxx and ACyy
are averaged and listed in table 2.7.
linearity and is tilted above one of the Cu2`-O bond with a btc ligand molecule. The optimized
Cu-C distance for adsorbed CO2 of rcalc.CuC = 3.27Å is only slightly shorter than the corresponding
distance estimated from the pulsed EPR data (table 2.7).
Due to the tilted coordination of CO2 and the lower symmetry of the complex, additional sets of
calculations were performed. The maximum energy variation for a rotation of the CO2 molecule
around Cu-Zn axis was estimated to be very low, about 6 kJmol´1. This finding suggests that
essentially a barrier-free rotation of CO2 around Cu-Zn axis occurs spontaneously at elevated tem-
peratures. However, the pulsed EPR experiments have been performed at low temperatures at
which a potential CO2 rotation freezes out. Therefore, the position of the CO2 with respect to the
azimuthal angle about the Cu-Zn axis is not well localized and a random orientation of the adsorbed
molecules about the Cu-Zn axis must be expected leading to a distribution of 13C hyperfine coupling
values. Taking into account such a disorder in the arrangement of the adsorbed CO2 molecules, the
ACxx,yy and ACzz components of the 13C hfc tensor A
C were calculated for five different orientation
of CO2 around Cu-Zn axis at 20°, 40°, 60°, 80° and 90° deviation from the local minimum, where
CO2 molecule is tilted towards one Cu-O(btc) bond. The computed 13C hfc tensors AC are slightly
orthorhombic with |Axx ´ Ayy| ă 0.13MHz (figure 2.21). As it can be seen in figure 2.21, the
ACxx and ACyy components are more sensitive to the position of CO2 around Cu-Zn axis while the
ACzz component remains almost unchanged during the rotation of CO2. For comparison with the
experimental data, the calculated 13C, ACxx, ACyy, and ACzz components were estimated as an average
of the computed five different orientations and revealed slightly orthorhomic symmetry (table 2.7).
However, assuming a distribution of 13C hyperfine couplings for the adsorbed 13CO, such a small
orthorhombic distortion is beyond the resolution in the orientation selctive HYSCORE and pulsed
ENDOR experiments and presumably within the experimental error. The average values of ACii for
13CO2 show that the ACxx,yy principal values are by « 0.5MHz lower in absolute value than ACzz,
which follows the corresponding experimentally observed trend in the ACii values showing that the
ACxx,yy components are lower than ACzz by an absolute value of about 0.4MHz (table 2.7).
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Moreover, the pulsed EPR experiments did not indicate more than one type of Cu2` ¨ ¨ ¨13CO2
coordination sites as discussed elsewhere. [146] The four different orientations of the 13CO2 molecule
coordinated to Cu2`, as observed with neutron diffraction [148], cannot be distinguished by EPR
spectroscopy, but it can be confirmed that all possible geometrical isomers contain magnetically
equivalent carbon atoms. The DFT calculations indicate that the observed AC-tensor parameters
are presumably averaged values of the different orientations.
In the HYSCORE and ENDOR spectra after 13CO2 adsorption (figures 2.16 and 2.18, left), an
additional signal at the 13C Larmor frequency was detected with a hf splitting that is too small to
be resolved. This signal indicates the presence of 13CO2 molecules at larger distances which are not
directly attached to the Cu2` ions. Since the adsorption of 13CO2 is in the high coverage region with
more than one molecule per metal site, it has to be taken into account that secondary adsorption
sites might be occupied. For intermolecular CO2 ¨ ¨ ¨CO2 interactions, considerable contributions to
the adsorption enthalpy has been calculated and found to be a reason for the remarkable adsorption
capacity of [Cu3(btc)2]n for carbon dioxide. [141]
2.4.4 Summary: adsorption of 13CO2 and 13CO
The coordination of 13CO2 and 13CO at the axial cupric ion sites of mixed Cu/Zn paddle wheel
units in [Cu2.97Zn0.03(btc)2]n was observed in the cw EPR spectra at low temperatures. The g- and
ACu-tensor parameters indicate a change in the coordination sphere of the cupric ions from square-
planar to square-pyramidal which is stronger for the adsorption of 13CO than for the adsorption of
13CO2.
With pulsed EPR methods, the 13C hf interactions to the 13CO2 and 13CO molecules were measured
and the distances between the Cu2` ions and the interacting 13C nuclei were determined based on
the 13C hfc tensor AC. 13CO2 is found to coordinate slightly tilted to the cupric ion with rCuC =
3.34Å and an angle β = 25° between the z-directions of the g- and AC-tensors. The Cu-O distance
was derived from EPR data and geometrical considerations to be rCuO = 2.53Å´2.73Å depending
on the angle ?(Cu-O-13C) = 123°´110°, as well as the angle ϕ =5°´7° between the Cu-O distance
vector and the C4 axis and is in good agreement with neutron diffraction data [148] and DFT calcu-
lations. [141,143,147] The Cu-13C distance after adsorption of 13CO is determined to be rCuC = 2.57Å
with β = 0° indicating a linear coordination of 13CO via the 13C atom in [Cu2.97Zn0.03(btc)2]n. The
experimentally observed parameters were verified by DFT calculations and the proposed structural
model based on the EPR data is in good agreement with the optimized coordination geometery of
CO2 and CO molecules at the Cu2` ions in the Cu/Zn paddle wheel units of [Cu2.97Zn0.03(btc)2]n.
The hf coupling parameters indicate a stronger adsorption of the 13CO molecules than of the 13CO2
molecules at these adsorption sites. Furthermore, intermolecular interactions between adsorbed
13CO2 molecules are supported by the EPR spectroscopic results. For application in separation of
carbon dioxide from gaseous mixtures, these interactions seems to play a crucial role, leading to a
preferred adsorption of CO2 over CO [149,150] despite the strong Cu¨ ¨ ¨13C interaction observed for
the coordination of 13CO.
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2.5 Adsorption of H2, D2 and HD on [Cu2.97Zn0.03(btc)2]n
Hydrogen gas (H2) has been discussed as a renewable energy carrier already since 1980 related to
the discussion on the limits of fossil fuel resources [151–153]. Because of the low molecular weight,
the energy density per mass of H2 is high compared to other fuels like natural gas or coal, whereas
the energy density per volume is rather low [56,137]. In the focus of interest is a safe storage and
transport for the mobile use of the hydrogen energy e.g. in fuel cells in vehicles, as well as the
separation and purification of the gas. [154] Two principle mechansims are discussed for hydrogen
storage: via chemisorption forming hydrids, and secondly, via physisorption with weak interac-
tions of the H2 molecules and the storage material. [155] Because of the high pore volumes and high
specific surface areas, metal-organic frameworks have become potential candidates for hydrogen
storage via physisorption. [57,65,155] On the other side, the small enthalpies of hydrogen physisorp-
tion in metal-organic frameworks (4 kJmol´1-8 kJmol´1) require low storage temperatures and/or
high pressure. [42] Optimal binding energies for storage at room temperatures were calculated to be
15 kJmol´1 to 20 kJmol´1. [156]
Heading towards the target of 9%(wt) storage capacity at room temperature in 2015 set by the
US Department of Energy, [137] the metal organic frameworks with highest H2 storage capacities
at high pressures but low temperatures (77K) to date are MOF-177 (7.5%(wt) at « 70 bar [157,158]
and MOF-210 with an excess H2 uptake of 8.6%(wt) and a total storage capacity of 17.6%(wt) at
80 bar. [45,56] The highest capacities at low pressures and at 77K exhibit PCN-12 with a capacity of
3.05%(wt) [159] and [Cu(Me-4py-trz-ia)]n with ě 3.07%(wt) [160] at 1 bar. The latter, [Cu(Me-4py-
trz-ia)]n, is of particular interest because it can be recovered easily at room temperature under vac-
uum. [160] [Cu3(btc)2]n has a H2 capacity of 3.55% at 77K at high pressures (10 bar to 20 bar) [161,162]
and 2.27%(wt) at 77K and low pressure (1 bar) [162] but only 0.15%(wt) at 20 bar and room tem-
perature [161] as determined in the respective adsorption studies.
The coordination of H2 to the unsaturated Cu2` sites has been studied with infrared (IR) [144,146,163]
and Raman spectroscopy, [164] as well as inelastic neutron scattering. [165,166] Using neutron powder
diffraction [167] and thermal desorption spectroscopy (TDS), [168] different adsorption sites for H2
were identified and the successive desorption of the molecules was observed by TDS. [169] The ad-
sorption of H2 in [Cu3(btc)2]n is also used as a model for theoretical approaches to study the hydro-
gen adsorption in metal-organic frameworks. [166,170] For H2 and deuterium (D2), slightly different
adsorption/desoprtion properties were found. [162,171] These differences can be used for quantum
molecular sieving to separate H2/D2 gaseous mixtures.
In fulleren cages, adsorbed H2, HD and D2 molecules have been studied also in terms of quantum
physical behaviour mainly by nuclear magnetic resonance (NMR) spectroscopy [172–175] and inelastic
neutron scattering (INS). [176,177] As in solid H2 and D2, the coupling between nuclear spin and the
rotational angular momentum for small molecules reveals interesting low temperature phenomena
like rotation, quantum rotational diffusion [178–180] and tunneling processes. [181].
In this chapter, the adsorption of hydrogen in [Cu2.97Zn0.03(btc)2]n was investigated by cw and
pulsed EPR methods to elucidate the adsorption sites of the H2 molecules in the metal-organic
framework and to obtain structural information about the adsorption complex. Besides H2, also
the deuterated gases HD and D2 were adsorbed. To ensure a suffciently high occupancy of gas
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molecules at the Cu2` coordination sites, a Cu:guest ratio of 1:2 was applied (details are described
in the appendix, chapter 6.1). The samples 2HH, 2DD and 2HD were sealed without contact to air.
They were stable at room temperature for about six months.
2.5.1 cw EPR spectroscopy of 2HH, 2DD and 2HD
At room temperature, the cw EPR spectra of [Cu2.97Zn0.03(btc)2]n after adsorption of H2, D2 and
HD (2HH, 2DD and 2HD) show the broad isotropic signal with g0 = 2.15 for the antiferromagnetically
coupled Cu/Cu pairs confirming that the overall structure of the framework remained undestroyed
upon adsorption of H2, D2 and HD (figure 6.11, appendix).
The signals observed at 7K in the cw EPR spectra of 2HH, 2DD and 2HD reveal the same EPR powder
pattern of magnetically diluted Cu2` ions like the activated material 2act which can be simulated
with the same parameters (see appendix, figure 6.20, the parameters are listed in table 2.10). Also,
significant g- and A-strain effects resulting in enhanced linebroadening were not observed. These
findings indicate that the framework structure remains intact with well-ordered Cu/Zn paddle wheel
units. Moreover, the effect of a potential adsorption on the ligand field at the cupric ion appears to
be very small and beyond the sensitivity of the cw EPR experiment.
2.5.2 Pulsed EPR spectroscopy of 2HH, 2DD and 2HD
Therefore, pulsed EPR experiments were carried out to clarify whether the hydrogen molecules
are coordinated to the cupric ions in [Cu2.97Zn0.03(btc)2]n and potentially to obtain information
about the coordination geometry of an adsorbed molecule. In all samples, intense electron spin
echoes were observed at 6K after adsorption of the hydrogen gases allowing for detailed pulsed
EPR spectroscopic characterisation. The 2-pulse FS ESE spectra of samples 2HH, 2DD and 2HD at
6K show the signal of the same cupric species as in the cw EPR experiments (figure 6.21). The
proton and deuterium hf interactions between the Cu2` ion and the nuclei of the adsorbed gases
are described by the ligand spin Hamiltonian
HˆL “ 2piSˆ ¨AH ¨ IˆH ´ 2pi
h
βng
H
n
~B ¨ IˆH ` 2piSˆ ¨AD ¨ IˆD ´ 2pi
h
βng
D
n
~B ¨ IˆD ` 2piIˆ1 ¨QD ¨ Iˆ2 (2.4)
including the proton and deuterium hf coupling (IH “ 1{2, ID “ 1) as well as the the Zeeman
splitting of the proton and deuterium atoms of the ligand molecules. The last term of the ligand
spin Hamiltonian considers the nuclear quadrupole interaction of the deuterium nuclei.
2.5.2.1 3p ESEEM spectroscopy of 2HH, 2DD and 2HD
In the 3-pulse ESEEM experiment, the amplitude of the stimulated echo is modulated due to sur-
rounding nuclear spins. For the activated [Cu2.97Zn0.03(btc)2]n material 2act, the typical modulation
of 1H nuclei (I “ 1{2) with a modulation period of about 69 ns is observed (figure 6.23a) correspond-
ing to the 1H Larmor frequency νHL = 14.5MHz. In absence of adsorbed molecules, this modulation
is assigned to the weakly coupled protons of the aromatic rings of the btc-linker molecules. After
adsorption of hydrogen gas H2, the modulation is not influenced apart from minor artefacts at small
pulse distance times (ă 0.5 µs) due to a high receiver gain (figure 6.23b).
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Figure 2.22: 3p ESEEM spectra at 340.9mT (corresponiding to gxx,yy direction) of 2DD (a) and 2HD (b)
at 7K. The phase changing time Tp = 1.264 µs is indicated with an arrow.
After the adsorption of deuterium gas D2, a modulation with a longer period of about 448 ns is
superposing the proton modulation corresponding to the deuterium Larmor frequency νDL = 2.2MHz
(figure 2.22a). In the 3p ESEEM spectrum after adsorption of hydrogen-deuterium gas HD, also the
deuterium modulation dominates the echo envelope intensity (figure 2.22b). Additionally, a phase
change can be recognized in the modulation spectra of 2DD and 2HD at the time Tp = 1.264 µs. A
phase change may occur for systems with Aiso ď 0.1MHz and weak a dipolar hf coupling, when
k2 « 0, ωα,β “ ωL ˘A{2. [18] Then, equation (1.18) reduces to
Vmodp2τ ` T, I “ 1q “ 1´ 8
3
k sin2
´ωατ
2
¯„
1´ cosrωLpτ ` T qs cos
ˆ
Apτ ` T q
2
˙
(2.5)
with a more rapidly and a more slowly modulating term, cosrωLpτ ` T qs and cos
´
Apτ`T q
2
¯
, respec-
tively, when the nq interacitons are not taken into account. This leads to the phase change of the
modulation at the time Tp. The distance r between the electron spin and the coupled deuterium
nucleus can be determined from Tp according to [18] r “ 3
a
10.7pTp ` τq “ 2.52Å for 2HD with
τ “ 0.224 µs.
Temperature dependent 3p ESEEM measurements of 2HD
After adsorption of HD, deuterium 3p ESEEM measurements of 2HD were carried out from 6K
to 35K (figure 2.23a). The experimentally observable modulation depth depends on the density
of the magnetic nuclei in the vicinity of the Cu2` ions on one hand, [18,182,183] but also on the
proportion of the magnetically active nuclei of a compound with different isotopes coupled to the
electron spins. [15] Therefore, the deuterium modulation depth can be taken as a measure of the
relative amount of adsorbed deuterium species or, in other words, for the coverage of HD molecules
at the Cu2` adsorption sites. This means that the fraction x of the Cu2` ions bearing a magnetic
active deuterium nuclei in HD contributes to the deuterium modulation, whereas (1´x) Cu2` ions
without coordinated HD molecules can be taken equivalent to the coordination of a nucleus with
I “ 0 and do not contribute to the deuterium modulation.
It is not possible to determine the absolute value of x directly from kexp, but a relative change in kexp
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Figure 2.23: a) Temperature dependent deuterium 3p ESEEM spectra of 2HD at gxx,yy-position. b) De-
termination of the modulation depth kexp at t = 420 ns according to equation (2.6). [18,182–184] c) Deuterium
modulation depth kexp in dependence on temperature. Error bars are due to large uncertainty in the deter-
mination of echo intensity V 420 nsmod because of superposition with the hydrogen modulation. d) Change of the
modulation depth ∆kexp{∆T .
reflects a relative change in x. The experimental modulation depth kexp is determined according
to [18,184,185]
kexp “ a
a` b (2.6)
(figure 2.23b) at different temperatures 6K, 12K, 17K, 22K and 25K and plotted as a function
of temperature (figure 2.23c). Hereby, a ` b is the interpolated echo intensity between the first
two maxima obtained from an exponential fit (3rd order) of the decay of the maxima, and b is the
experimentally observed echo intensity V 420nsmod of the first minimum at the time t = 420 ns.
With rising temperature, the modulation depth parameter kexp decreases (figure 2.23c). Due to the
correlation between kexp and the fraction x of magnetically active deuterium nuclei in HD coordi-
nated to the Cu2` ions, it is proposed that the temperature dependent change of the modulation
depth reflects the microscopic desorption process of the HD molecules from the Cu2` adsorption
sites. From 6K to 22K, the dwell time of a HD molecule attached at the Cu2` ion is sufficiently long
to be detected by the experiment, that means it is longer than the modulation period of « 450 ns.
At 25K and higher temperatures, the HD molecules are not longer localised near the cupric ion on
the timescale of the experiment.
If the modulation depth at 6K is taken to be 100% (k6Kexp fl 100%) for this experiment, then at
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Figure 2.24: Left: proton Davies-ENDOR spectrum of 2act (a), 2HH (b) and 2HD (c) at 345.1mT. Right:
orientation-selective proton Davies-ENDOR spectra of 2HD. The lines mark the maximum proton hf splitting
of the additional proton coupling.
25K its value is only 33% of its initial value k6Kexp. Taking kexp proportional to the fraction x
of adsorbed HD molecules, about 70% of the HD molecules are desorbed from the Cu2` centers
between 6K and 25K on the timescale of the experiment. Plotting the absolute change of kexp
with the temperature, dkexp{dT , a maximum is found at 22K. Although only few data points are
available and the experimental uncertainty is considerably high due to the superposition of the 1H
modulation, it might be concluded that the maximum desorption rate is between 17K and 25K
(figure 2.23d).
2.5.2.2 Davies-ENDOR spectroscopy of 2HH
The H2 molecule has two proton nuclear spins IH “ 1{2 that shall give distinct signals in the 1H
ENDOR spectra if the hydrogen molecule is located in close proximity (ă 5Å) of the Cu2` ion in
the Cu/Zn paddle wheel unit of [Cu2.97Zn0.03(btc)2]n. However, a comparison of the 1H ENDOR
spectra of 2HH with the activated material 2act does not reveal additional ENDOR signals for the
sample 2HH. As an example, figure 2.24, left, illustrates the Davies-ENDOR spectra of 2act and
2HH recorded at 345.1mT. All observed 1H ENDOR signals can be assigned to framework protons
of the btc linker molecule as reported earlier. [108] Since H2 defies EPR spectroscopic analyses under
our experimental conditions, the adsorption of H2 was not further studied in this project.
2.5.2.3 Davies-ENDOR and HYSCORE spectroscopy of 2HD
The situation is completely different for the HD adsorbed sample 2HD. The HD molecule consists
of two magnetically active nuclei, the proton nucleus with IH “ 1{2 and the deuterium nucleus with
ID “ 1 and both nuclei are expected to give rise to signals when coordinated to the cupric ions in
[Cu2.97Zn0.03(btc)2]n. In order to explore these proton and deuterium signals, orientation-selective
HYSCORE and Davies-ENDOR measurements were carried out at the field positions marked in
the 2p FS ESE spectrum in figures 2.27 and 2.28 for proton and deuterium, respectively, revealing
pronounced proton and deuterium hf splittings as shown in the HYSCORE spectra in figure 6.25.
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Figure 2.25: Experimental proton HYSCORE spectra of 2HD. The corresponding simulated spectra are
shown in figure 2.26. A,a) 279.0mT, B,b) 280.0mT, C,c) 282.0mT, D,d) 284.5mT, E,e) 286.0mT, F,f)
292.0mT, G,g) 298.0mT, H,h) 328.0mT, and I,i) 339.9mT.
Proton hf coupling
The Davies-ENDOR spectrum at 345.1mT shows a new pronounced doublet with large hf splitting
at the proton Larmor frequency (νHL = 14.46MHz) besides the multiplett of coupled framework pro-
tons observed already for 2HH and the activated material 2act (figure 2.24, left). Careful orientation
selective measurements at 339.80mT, 336.20mT, 335.85mT, 355.50mT and 335.10mT show that
a local maximum in the proton hf splitting in the ENDOR spectra is observed exactly at the axial
gxx,yy field positions corresponding to θ = 90° (figure 2.24, right) indicating coaxial principal g- and
AH-tensor axes and axial symmetry for the tensor AH. Here, θ describes the angle between the
magnetic field direction and the z principle axis of the Cu(II) g- and ACu-tensors. For the cupric
ions in [Cu2.97Zn0.03(btc)2]n, this axis is defined by the C4 symmetry axis of the Cu/Zn paddle
wheel units. [31,108]
56
2.5 Adsorption of H2, D2 and HD on [Cu2.97Zn0.03(btc)2]n
Figure 2.26: Simulated HYSCORE spectra of 2HD corresponding to figure 2.25.
At the gzz-position, the echo was too weak for detection of the proton ENDOR signal. Instead,
orientation-selective HYSCORE spectra were taken at 279.0mT, 280.0mT, 282.0mT, 284.5mT,
286.0mT, 292.0mT and 298.0mT and show well resolved large proton hf couplings at the low field
positions which can be recognized e.g. by the cross peaks at (8.6, 15.4) MHz and (15.4, 8.6) MHz at
279.0mT (figure 2.25). Complementary to the ENDOR experiments, the proton signals were very
weak in intensity at gxx,yy-positions. Hence, the spectra at 328.0mT and 339.9mT were measured
using remote HYSCORE detection [99,186] to avoid blind spots in the proton spectra. Unfortunately,
a very strong signal with small hf splitting arises at νHL from more distant protons, strongly super-
posing the signal of the coupled protons of the coordinated HD molecules. Nevertheless, faint cross
peaks can still be recognized in figures 2.25H and 2.25I.
The proton hf splittings as obtained from the HYSCORE and Davies-ENDOR spectra at the differ-
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Figure 2.27: Left: 2p ESE FS spectrum of 2HD (simulated spectrum: blue): observer positions for proton
Davies-ENDOR and HYSCORE experiments and corresponding angles θ between the prinicpal g-tensor
direction and the magnetic field B0. Right: experimentally observed and calculated proton hf coupling at
different angles θ.
Table 2.8: Hfc parameters (in MHz) and Cu-H/D distances rCuX (in Å) for HD and D2 in 2HD and 2DD.a
sample nucleus I AH,Dxx,yy AH,Dzz βA QDxx,yy QDzz βQ A
H,D
iso T
H,D
K rCuX
2HD
H 1/2 -3.60 6.95 0˝ – – – -0.083 3.517 2.83
D 1 -0.553 1.128 0˝ -0.015 0.030 0˝ 0.0072 0.5603 2.82
2DD D 1 -0.553 1.126 0˝ -0.015 0.030 0˝ 0.0066 0.5596 2.82
aErrors: ∆AHii “ ˘0.05MHz, ∆ADii “ ˘0.010MHz, ∆βA “ ˘5°, ∆Aiso “ ˘0.0050MHz, ∆TK “
˘0.0050MHz, ∆rCuH “ ˘0.10Å, ∆Qii “ ˘0.005MHz, ∆βQ “ ˘5°.
ent field positions were plotted in dependence on the angle θ as squares and triangles in figure 2.27,
right. Both Davies-ENDOR and HYSCORE spectroscopy together allow the deduction of almost
the complete angular dependence of the proton hf coupling with respect to the principal axes frame
of the Cu(II) g-tensor. The angular dependence provides excellent starting parameters for spectral
simulation for AHxx,yy and AHzz and indicates coaxial g- and A
H-tensors. Indeed, spectral simula-
tions of the Davies-ENDOR spectra (figure 6.24, appendix) and HYSCORE spectra (figure 2.26),
confirmed an axially symmetric proton hf coupling tensor AH with βA = 0°.
Here, βA defines again the Euler angle between the z principal axes of the tensors g and AH.
The derived principal values of AH are listed in table 2.8. From the dipolar hf parameter THK ,
a Cu-H distance rCuH = 2.83Å was obtained using the point-dipole approximation (1.10). The
calculated angular dependence of the proton hf coupling based on the refined principal AH-tensor
values (solid line in figure 2.27, right) represents the experimentally observed hf splittings very
well. For comparison, simulations of the proton HYSCORE spectra using an angle βA = 8° were
also performed and show significantly different cross peak ridges than observed experimentally
(figure 6.26, appendix) confirming nicely the coaxial alignment of the tensors g and AH.
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Figure 2.28: Left: 2p ESE FS spectrum of 2HD (simulated spectrum: blue): observer positions for deuterium
Davies-ENDOR and HYSCORE experiments and corresponding angles θ between the prinicpal g-tensor
direction and the magnetic field B0. Right: experimentally observed and calculated deuterium hf coupling
at different angles θ.
Deuterium hf coupling
Orientation-selective deuterium Davies-ENDOR and HYSCORE spectra of sample 2HD were taken
at the field positions marked in figure 2.28, left. For sample 2HD, intense deuterium signals were
observed as shown in the (figures 2.29 and 2.30).
The Davies-ENDOR spectrum at 339.8mT shows a pronounced signal with a hf splitting of about
0.55MHz situated symmetrically with respect to the deuterium Larmor frequency (νDL = 2.23MHz)
(figure 2.29). Since the proton Davies-ENDOR and HYSCORE spectra show that the g-tensor and
proton hfc tensor AH are coaxial, it can be assumed that the same holds for the deuterium hfc
tensor AD of the adsorbed HD molecule. The observed splitting in the Davies-ENDOR spectrum
at 339.8mT then corresponds to the principal value ADxx,yy of the A
D-tensor.
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Figure 2.29: a) Davies-ENDOR spectrum of 2HD at 339.8mT: comparison of proton and deuterium hf
coupling scaled to the same nuclear gn-factor. b) Davies-ENDOR spectra of 2D2 and 2HD at deuterium
Larmor frequency, simulated spectrum at 339.8mT.
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Figure 2.30: Experimental (A-F) and simulated (a-f) HYSCORE spectra of [Cu2.97Zn0.03(btc)2]n after
adsorption of HD (2HD) at A,a) 278.7mT, B,b) 284.5mT, C,c) 292.0mT, D,d) 298.0mT, E,e) 328.0mT and
F,f) 340.2mT in the deuterium Larmor frequency region. The simulation parameters are listed in table 2.8.
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Figure 2.31: Experimental (A-F) and simulated (a-f) HYSCORE spectra of [Cu2.97Zn0.03(btc)2]n after
adsorption of D2 (2DD) at A,a) 279.6mT, B,b) 284.5mT, C,c) 292.0mT, D,d) 298.0mT, E,e) 328.0mT and
F,f) 341.1mT in the deuterium Larmor frequency region (ν “ ω{2pi). The simulation parameters are listed
in table 2.8.
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A comparison of the proton and the deuterium ENDOR spectrum at the same frequency scale
using the scaling relation pνD{νHL q = pgDn {gHn q= 0.1535 shows that the deuterium hf interation is
indeed of the same size as the proton hf interaction (figure 2.29a). This clearly indicate that both
nuclei are coordinated in the same way and at the same distance to the cupric ion. Additionally, a
small deuterium nq splitting of about 45 kHz is resolved in the Davies-ENDOR spectrum of 2HD at
339.8mT.
The orientation-selective HYSCORE spectra of 2HD also show intense signals in the deuterium
Larmor frequency region (νDL = 1.84MHz - 2.24MHz) (figure 2.30A-F).The deuteirum hf splitting
can be recognized well by cross peaks placed symmetrically to the diagonal frequency axis ν1 “ ν2.
The peak positions, e.g. (1.26, 2.32) MHz/(1.34, 2.44) MHz at one side of the diagonal frequency axis
and (2.32, 1.26) MHz/(2.44, 1.34) MHz at the other side in the spectrum at 278.7mT (figure 2.30a),
correspond to the deuterium nuclear transition frequencies (να, νβ) and (νβ , να) that are split
into two peaks due to the deuterium nq interaction resulting in the nuclear transition frequencies
(να´∆α, νβ´∆β)/(να`∆α, νβ`∆β) and (νβ´∆β , να´∆α)/(νβ`∆β , να`∆α). [91,95] The energy
levels are schematically depicted in figure 1.7b by taking ω = 2piν into account. The deuterium nq
splitting is especially well resolved at 278.7mT and 284.5mT (figures 2.30a and 2.30b).
Furthermore, a signal at the Larmor frequency of deuterium is observed that does not exhibit any
splitting. It is particularly pronounced in the spectra recorded at the gzz- and the gxx,yy-positions
at 278.7mT and 340.2mT, respectively. This signal arises from deuterium nuclei in larger distance,
in which the dipolar coupling is too weak to induce resolved hyperfine couplings.
At the low field edge singularity of the CuII EPR powder pattern, hf signals of the 63Cu and
65Cu isotopes are nicely resolved. For instance at 278.7mT, corresponding to θ(65Cu) = 8.5° and
θ(63Cu) = 0°, only the electron spin transition of the 65Cu isotopes (natural abundance: 30.85%) is
contributing to the corresponding HYSCORE spectrum. The resolved deuterium cross peak appears
weak compared to the signal at the deuterium Larmor frequency from more distant deuterium
nuclei. In contrast, the resolved cross peaks are more intense than the signal at (νDL , ν
D
L ) in the
HYSCORE spectra at other field positions. Since the modulation intensity drops to zero at the
canonical orientations of the hf tensor AD, [187] the observed cross peaks can be assumed to be
due to a deuterium hf tensor that seems to be coaxial to the g-tensor. Therefore, only electron
spin transitions of the 65Cu isotope with θ = 8.5° contribute to the resolved deuterium cross peaks
at 278.7mT. This effect might also be responsible for the decrease of the signal intensity in the
spectrum at 340.2mT corresponding to the gxx,yy powder position, another canonical orientation of
AD.
The nuclear transition frequencies of the deuterium nucleus as obtained experimentally from the
HYSCORE and Davies-ENDOR spectra show the angular dependence depicted in figure 2.28, right,
by squares and triangles, with the largest hf splitting at the gzz-position (θ = 0°). Due to the equiv-
alent hf couplings of the proton and deuterium nulceus observed in Davies-ENDOR spectroscopy
(figure 2.29), the proton hf coupling tensor AH can be translated into the deuterium hf coupling
tensor AD. It was then possible to reproduce the angular dependence in figure 2.28, right, (solid
line) and the experimental deuterium HYSCORE spectra of 2HD very well with the AD-tensor pa-
rameters listed in table 2.8. The simulated spectra are shown in figure 2.30g-l. From the dipolar hf
parameter TDK , the distance rCuD = 2.82Å was obtained using the point-dipole approximation (1.10).
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The angular dependence calculated from AD (solid line in figure 2.28, right) is in good agreement
with the experimentally obtained values and confirm again coaxial g- and AD-tensors (β = 0°).
The simulations of the deuterium HYSCORE and ENDOR spectra were taking into account the
deuterium nq interaction. The spectral analysis provided the principal values of the nq tensor QD
with the largest principal value Qzz = 30 kHz observed parallel to the z-axes of the g- and AD-
tensors (Euler angle βQ = 0° between z-axes of the g- and QD-tensors). Within the experimental
error (∆Qii = ˘5 kHz, an axially symmetric QD-tensor was obtained (asymmetry parameter η « 0)
with Qxx,yy = ´15 kHz (table 2.8). This translates into a nq splitting ∆νQ = 3|Qxx,yy| [6] = 45 kHz as
observed in the Davies-ENDOR experiment performed at the gxx,yy-position (figure 2.29). According
to [188]
Qzz “ e
2qQ
2Ip2I ´ 1qh,
a nq coupling constant can be calculated from Qzz as e
2qQ
h “ 60 kHz for I “ 1.
2.5.2.4 Davies-ENDOR and HYSCORE spectroscopy of 2DD
As for sample 2HD, intense deuterium signals have likewise been observed in the pulsed ENDOR
and HYSCORE experiments on sample 2DD. The Davies-ENDOR spectrum at gxx,yy displays again
a doublet at the deuterium Larmor frequency with a hf splitting of the same size as found for 2HD
corresponding to the hyperfine coupling paramter ADxx,yy (figure 2.29b). The nq splitting is not
resolved for 2DD, but lies within the linewidth of about 0.1MHz.
Orientation-selective deuterium HYSCORE experiments were also performed at similar field po-
sitions as for 2HD (figure 2.28, left) and reveal similar signals as found for 2HD (figures 2.31a-f,
simulated spectra in figures 2.31g-l). Also, the nq splitting is resolved in the spectra at 279.6mT
and 284.5mT. The signals could be simulated well with the same set of AD- and QD-tensor pa-
rameters as listed in table 2.8 and reveal again coaxial g-, AD- and QD-tensors (βA = βQ = 0°).
For comparison, a simulation of the deuterium spectra with βA = 8°, βQ = 0° and βA = βQ = 8°
derived from geometrical considerations for a static side-on coordination of the D2 molecule (with
a D-D bond length of 0.74Å [131] and the observed Cu-D distance of 2.82Å), reveal significantly
different splittings and spreads of the cross peak ridges (figures 6.27 and 6.28). Therefore, an angle
βA,Q ě 8° can be ruled out.
At 292.0mT, 298.0mT and 328.0mT, additional cross peaks involving ∆mI “ ˘2 transitions at
(νab,bc, 2νde,ef), (2νab,bc, νde,ef) and (2νab,bc, 2νde,ef) are observed for both samples 2DD and 2HD
(figures 2.32). The ∆mI “ ˘2 transitions may occur (a) for a single coupled nuclear spin with
I ě 1 and (b) in case of two or more coupled identical nuclear spins of any nuclear spin I. For
deuterium with I “ 1, cross peaks with ∆mI “ ˘2 transitions might be expected for both HD and
D2 containing samples. However, their relative intensity compared to the intensity of the cross peaks
at the fundamental frequencies (νab,bc, νde,ef) and (νde,ef, νab,bc) is somewhat higher for sample 2DD
than for sample 2HD which might be an indication that more than one equivalent deuterium nucleus
contributes to the splitting in 2DD as expected for D2.
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Figure 2.32: Adsorption of D2 and HD: additional (2νab,bc, νde,ef), (νab,bc, 2νde,ef) and (2νab,bc, 2νde,ef)
peaks in the experimental high resolution deuterium HYSCORE spectra of 2DD (A - C) and 2HD (D - F)
compared to simulated spectra (a - f) at A,a,D,d) 292.0mT, B,b,E,e) 298.0mT, and C,c,F,f) 328.0mT. In
the simulation, only a single D nucleus was taken into account.
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2.5.3 Discussion
Coordination geometry
In 2HD, the pulsed EPR experiments show clearly the presence of proton and deuterium nuclei from
a HD molecule in close vicinity of the Cu2` ion. For both, H and D nuclei, the hf tensors AH and
AD, respectively, show the same parameters within the range of the error scaled by the ratio of
their nuclear gn-factors pgDn {gHn q = 0.1535. Therefore, also the same Cu-H and Cu-D distances, in
the range of the the error, rCuH = 2.83Å and rCuD = 2.83Å, were derived from the hf tensors AH
and AD, respectively, using the point-dipole approximation (1.10).
In 2DD, the two deuterium nuclei of D2 are magnetically equivalent, otherwise two different sets
of signals should be observable. Also, they reveal the same hf and nq interaction tensors like the
deuterium nucleus in HD after adsorption on [Cu2.97Zn0.03(btc)2]n. On the basis of the identical hf
interactions and therefore the same distances, it can be postulated that the HD and D2 molecules
coordinate side-on to the Cu2` ion (figure 2.33).
In case of a linear end-on coordination, the two nuclei would be inequivalent and two distinct hfc
tensors would be expected for the adsorbed hydrogen molecule. For the found side-on coordination,
the H-D and the D-D bond axis, respectively, lies parallel to the CuO4 plane and perpendicular to
the C4 symmetry axis of the paddle wheel unit. The relatively large Cu-H/Cu-D distance (2.8Å)
supports a coordination via weak van-der-Waals-interactions instead of a formation of Cu-H/Cu-D
dihydrids implying a cleavage of the H-D/D-D bond. The isotropic hf coupling supports this weak
coordination of the hydrogen to the metal ion. AH,Diso is negativ and almost negligible indicating a
very small spin polarization of the hydrogen orbitals. This situation is expected in cases in which
the adsorbed molecule is only weakly physisorbed at the metal ion and no covalent bond is formed.
A similar coordination is proposed for H2 to the Cu2` ions of the parent [Cu3(btc)2]n on the bases
of IR measurements. [144,163]
The Cu-H and Cu-D distances obtained from HYSCORE and ENDOR experiments using a simple
point-dipole approximation are somewhat larger than the distance of 2.39Å that was determined
by inelastic neutron scattering measurements. [167] A side-on coordination has also been found by
DFT calculations, however the calculated distances also vary from 2.1Å to 2.5Å depending on the
computational method. [166] Supposedly, the point-dipole approximation used in this simple analysis
somewhat overestimates the distances between the paramagnetic center and the ligand nucleus. The
approximation requires a compact electron wave function concentrated here at the Cu2` ion. But
actually the unpaired electron of the Cu2` ion in the paddle wheel units is mainly distributed
over the 3dxy copper orbitals with some delocalisation into orbitals of the neighboured carboxylate
groups. Surprisingly, the estimation based on the 3p ESEEM experiment is closer to the distance
between the Cu2` ion and the center of mass of coordinated D2, rCuD = 2.39Å as determined
by inelastic neutron scattering measurements. [167] Quantum chemical computations based on the
experimentally determined proton and deuterium hfc tensors AH and AD shall give more precise
geometrical data about the hydrogen adsorption complexes than these rough estimates but are
beyond the scope of this work.
In contrast to the postulated static side-on coordination of HD and D2 molecules, the orientation-
selective HYSCORE and ENDOR measurements of 2HD and 2DD reveal that the principal axis
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frame of the proton and deuterium hf tensors are coaxial with the g-tensor axis frame with the
z-axes being perpendicular to the CuO4-plane with an angle βA = 0°. But for a static coordination
as depicted in figure 2.33a, an angle βA « 8° would be expected. However, the spectral simulations
of the proton HYSCORE spectra using βA = 8° (figure 6.26, appendix) as well as simulations of
the deuterium HYSCORE spectra using βA = 8°, βQ = 0° and βA = 8°, βQ = 8° (figures 6.27
and 6.28, appendix) revealed significantly different cross peak patterns in this case than observed
experimentally. These simulations indeed confirm coaxial g- and AH{D-tensors with βA{Q = 0°.
Furthermore, the largest principal value Qzz of the deuterium quadrupole tensor QD is found in the
direction parallel to the z-axis of the g- and A-tensors corresponding to the C4 symmetry axis of
the paddle wheel unit. For a static side-on coordination however, the largest principal value would
be expected to point along the H-D, respectively D-D, bond axis perpendicular to the C4 symmetry
axis. [189] The angles βA,Q being 0° and the largest principal value Qzz in z-direction would rather
suggest an end-on coordination. But for an end-on coordination, different hf coupling tensors for
the proton and deuterium nuclei in 1HD and two sets of deuterium hf parameters for 1DD would
be expected as outlined above but were not observed experimentally. Taking also into account that
the nq coupling constant e
2qQ
h = 60 kHz derived from the experimentally found nq tensor Q
D for
both, adsorbed HD and D2 molecules, is significantly smaller than known for rigid HD and D2
( e
2qQ
h = 227 kHz for HD and
e2qQ
h = 225 kHz for D2, respectively),
[179,190,191] an averaging process
of the magnetic tensors about the C4 axis is proposed. Such a process will lead to a considerably
smaller nq coupling constant with the principal axis of the largest principal value Qzz pointing along
the C4 symmetry axis. Likewise, the two nuclei in the adsorbed hydrogen molecules are becoming
equivalent with axially symmetric hfc tensors aligned exactly along the C4 axis. Potential processes
leading to such averaged tensors also with comparable deuterium nq constants are e. g. fast chem-
ical exchange, [192] tunneling [181] or a rotation [193] about the C4 axis.
Quantum mechanical states of HD and D2
The analysis of the magnetic interaction tensors revealed anisotropic motional averaging of the HD
and D2 molecules coordinated to the cupric ions. These data, and in particular the deuterium nq
tensor, allow a characterisation of the quantum mechanical state of the hydrogen molecules to some
extent.
For a rigorous quantum mechanical treatment of the hydrogen molecules, the rotational modes of
the molecules have to be considered and, thus, quantum mechanical restrictions according to the
Pauli exclusion principle for the coupling of the spin and rotational angular momenta must be taken
into account for the H2 and D2 but not for HD. [194] For H2, the even rotational states J = 0, 2, 4...
are magnetically inactive due to the coupling to a total nuclear spin I “ 0 refered to as para-H2,
whereas the odd rotational states characterized by J = 1, 3, 5... are coupled to a total nuclear spin
state I “ 1 (ortho-H2). For D2, the even rotational states J = 0, 2, 4... with I “ 0, 2 are named
ortho-D2, while odd states J = 1, 3, 5... with I “ 1 are refered to as para-D2. At room temperature,
the p-/o-ratio is 1:3 for H2, for D2 it is 2:1. [194] For the J “ 0 rotational ground state, which is
by far the most populated J state in thermodynamic equilibrium at the measurement temperature
(6K), D2 molecules (ortho-D2) will be present with the nuclear spin configurations I “ 0 and I “ 2
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Figure 2.33: Side-on coordination of HD and D2 including the orientation of the deuterium nq tensor QD
as expected for a static coordination (a) and (b) for HD/D2 molecules rotating around the C4 axis.
Table 2.9: Rotational constants B, [195] first rotational enery level E1rot [196] and population N{N0 at 6K
calculated from equation 2.7 a for the free molecules and bfor adsorbed H2, D2 and HD.
B [cm´1] E1rota [meV] N1{N0a E1rotb [meV] N1{N0b
H2 60.910 14.7 1.4ˆ 10´12 9.61c 2.5ˆ 10´8
HD 45.678 10.1 9.9ˆ 10´9 6.96d 4.3ˆ 10´6
D2 30.459 7.6 1.3ˆ 10´6 4.31d 7.2ˆ 10´3
cobserved by INS. [166] ddeduced from H2.
in the ratio 1{5, whereas H2 (para-H2) will only have a total nuclear spin I “ 0. This may explain
the failure to detect any proton hfc of H2 molecules in the close environment of the cupric ions as
H2 is expected to be present in its rotational ground state as (para-H2). Otherwise, D2 molecules
with J “ 0 in their ortho-states will mainly have nuclear spin I “ 2 and may consequently lead to
an observable deuterium hf coupling in agreement with the experimental results.
However, the J “ 0 state of ortho-D2 exhibits spherical symmetry [178] and hence no nq splitting
shall be observed even for nuclear spins I ě 1. The same holds for HD in its J “ 0 rotational
ground state. This is obviously in disagreement with the experimental findings in which a small but
finite deuterium nq splitting was observed for both D2 and HD. There are three possible scenarios
that might solve this contradiction and lead to an observable deuterium nq coupling: (a) Tunneling
processes between the J “ 0 rotational ground state and the J “ 1 excited state as observed
in deuterium NMR spectra for several transition metal dihydrides. [181,189,197] (b) An admixture of
higher rotational states such as J “ 1 with I “ 1 for HD and J “ 2 with I “ 2 for D2 that becomes
allowed if the spherical symmetry at the rotor is disturbed by a crystal field. Such admixtures of
excited states into the rotational ground state have been observed by the deuterium nq splitting
in low temperature NMR spectra of D2 in the cubic D2 crystal phase [179,180] and for D2 and HD
trapped in C60 cages. [174] In principle, the coordination of the hydrogen molecules to the cupric
ions in [Cu2.97Zn0.03(btc)2]n will also expose them to a crystal field and in that way, it will lower
the symmetry of the rotor allowing for an admixture of higher rotational states into J “ 0 state.
(c) The observation of a thermodynamic non-equilibrium pure J “ 1, I “ 1 state for both adsorbed
molecules, D2 and HD. In the following, the three potential scenarios will be discussed briefly.
For scenarios (a) (tunneling) and (b) (admixture of higher rotational states), the adsorbed D2 and
HD molecules would basically reside in the J “ 0 rotational ground state, their thermodynamic
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equilibrium state at low temperatures. However, a significant isotope effect in deuterium nq cou-
pling is expected for adsorbed D2 versus HD in both scenarios. [174,181] But both samples, 2DD
and 2HD, provided exactly the same deuterium nq tensor within the experimental error (16%).
Therefore, tunneling processes or an admixture of higher rotational states into the ground state
are unlikely reasons for the observed identical deuterium nq tensors of 2DD and 2HD. In addition,
the maximum deuterium nq splitting reported in literature in case of admixture of J “ 2 into the
J “ 0 ground state are less than 9 kHz [174,198] which is considerably lower than the deuterium nq
splittings observed in this work.
This leaves scenario (c), 2DD and 2HD molecules are present in the first excited J “ 1, I “
1 rotational state and both having nuclear spin I “ 1, as the most likely explanation for the
experimental results. A population analysis according to the Boltzmann distribution (2.7) [199]
based of the rotational energy Erot = BJpJ ` 1q revealed that the first excited J “ 1 rotational
state is populated only very low, even if it is considered that the rotational energy of the first excited
state ErotpJ “ 1q is lowered to 9.1meV as found for adsorbed H2 in the parent [Cu3(btc)2]n [166]
compared to the free molecule for which ErotpJ “ 1q = 14.7meV. [196] The corresponding values for
D2 and HD were deduced from the isotope effect on the rotational constant B (table 2.9).
N
N0
9p2J ` 1q exp´Erot
kBT
. (2.7)
Therefore, the pure J “ 1 excited rotational state is presumably a thermodynamic non-equilibrium
state at 6K. Assuming such a non-equilibrium J “ 1 state and that the transitions among the
mJ “ 0 and mJ “ ˘1 rotational substates of the J “ 1 manifold are fast in comparison with the
spin rotational coupling constant, the deuterium nq splitting for both hydrogen molecules is given
in the high field approximation by: [193,200]
∆νQ “ 3dx1´ 3
2
J2z yT p3 cos2 α´ 1q (2.8)
Using ∆νQpαq “ 3|Qii| (i = x, y, z), [19] the absolute value of the principal values of the deuterium
nq tensor were obtained according to
|Qii| “ dx1´ 3
2
J2z yT p3 cos2 α´ 1q. (2.9)
Here, d = 25.24 kHz is an intermolecular interaction parameter containing the intramolecular dipole-
dipole and nq interaction and α measures the angle between the local symmetry axis at the ro-
tor, [190,191,193] in the case of [Cu2.97Zn0.03(btc)2]n after adsorption of HD (2HD) and D2 (2DD)
defined again by the C4 axis of the paddle wheel, and the magnetic field direction. Jz is the pro-
jection of the angular momentum J onto the local quantization axis, obviously the C4 axis. The
quantity in the bracket x1 ´ J2z yT refers in general to an average axial order parameter. [180,193,200]
In this specific case, it can be considered as a measure for the disorder of the local quantization
axis for J , meaning the C4 symmetry axis of the paddle wheel unit, which is negligible. There-
fore, xJ2z yT “ m2J can safely be assumed and a principal value of the deuterium nq tensor |Qzz| =
50 kHz was obtained from equation (2.9) and α = 0° for mJ “ 0, whereas for mJ “ ˘1 a principal
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value |Qzz| = 26 kHz was calculated. The later value for mJ “ ˘1 is in good agreement with the
experimentally determined value |Qexp.zz | = 30 kHz. Therefore, it is proposed that the D2 and HD
molecules coordinated at the cupric ions in [Cu2.97Zn0.03(btc)2]n are residing in a non-equilibrium
J “ 1, mJ “ ˘1 rotational state in the experiments presented here.
Moreover, quantum chemical calculations of the rotational states of H2 coordinated to the Cu2`
ions in [Cu3(btc)2]n predict exactly this J “ 1, mJ “ ˘1 state being the first excited rotational
state located at 9.61meV above the J “ 0 rotational ground state. The J “ 1, mJ “ 0 state is lying
above at considerably higher energy (37.27meV). Obviously, this energy splitting of the rotational
states will even decrease for adsorbed HD and D2 molecules. However, this will not explain why H2
resides in the thermodynamic equilibrium J “ 0 rotational ground state but deuterated hydrogen
molecules are found to be present in an excited non-equilibrium J “ 1, mJ “ ˘1 rotational state on
the time scale of the experiments (a few hours). A trapped J “ 1 rotational state has been observed
for H2 in a modified fullerene cage by NMR spectroscopy at low temperature. [172] Here, one can
speculate that the different behaviour of H2 and D2 adsorbed on [Cu2.97Zn0.03(btc)2]n and in the
rapid cooling regime is due to the higher ortho/para-conversion rate of H2 compared to D2 which
is observed in solids. [178] In that way, the rotational states of H2 and D2 are populated differently.
Also, the deviation between the ortho/para-conversion of H2 and D2 is also discussed to be the
reason for the different desorption of H2 and D2 from [Cu3(btc)2]n that gives rise to the isotopic
separation of H2 and D2 in quantum molecular sieving. [171]
2.5.4 Summary: adsorption of H2, D2 and HD
The adsorption of H2, D2 and HD upon the metal-organic framework compound [Cu2.97Zn0.03(btc)2]n
was investigated by cw EPR as well as pulsed ENDOR and HYSCORE spectroscopy at 6K. The
Zeeman interaction tensor g and the 63{65Cu hfc tensor ACu of [Cu2.97Zn0.03(btc)2]n with adsorbed
H2, D2 and HD reveal identical principal values as already found for the parent material, whereas
the ligand hfc tensors AH,D for adsorbed HD and D2 show pronounced proton and deuterium inter-
actions. Adsorbed H2 could not be detected with the applied methods due to quantum mechanical
coupling of the nuclear spins resulting in an overall I “ 0 spin state (para-H2). However, the
deuterated hydrogen molecules HD and D2 could be localized in the close environment of the cupric
ions of the paddle wheel units. The experimentally obtained parameters indicate a side-on coor-
dination of HD and D2 molecules at the Cu2` ion perpendicular to the C4 symmetry axis of the
paddle wheel unit with the same Cu-H and Cu-D distances of 2.8Å. For adsorbed HD and D2,
also the deuterium nq splitting was resolved revealing an identical deuterium nq interaction for
both molecules corresponding to a nq coupling constant e
2qQ
h = 60 kHz and the axially symmetric
deuterium nq interaction tensor QD pointing parallel with its principal z-axis to the C4 symmetry
axis. These results were interpreted in terms of a rotation about the C4 axis in an thermodynamic
non-equilibrium state J “ 1, mJ “ ˘1.
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Table 2.10: EPR parameters observed for activated [Cu2.97Zn0.03(btc)2]n and after adsorption of 1H2, 2H2,
1H2H, 13CO2, 13CO and CH3OH. ACuii in 10
´4 cm´1.a
gxx gyy gzz A
Cu
xx A
Cu
yy A
Cu
zz
activated 2.046 2.046 2.279 32 32 190
H2 2.046 2.046 2.279 32 32 190
D2 2.046 2.046 2.279 32 32 190
HD 2.046 2.046 2.279 32 32 190
13CO2 2.049 2.049 2.293 26 26 182
13CO 2.051 2.051 2.300 23 23 175
CH3OH 2.060 2.060 2.336 15 15 158
as synthesized 2.058 2.058 2.337 15 15 158
a Errors: ∆gii “ ˘0.002, ∆ACuii “ ˘2ˆ 10´4 cm´1.
2.6 Conclusion: [Cu2.97Zn0.03(btc)2]n
In this chapter, the partial substitution of Cu2` ions in [Cu3(btc)2]n by Zn2` ions and the adsorption
of MeOH, 13CO and 13CO2, as well as H2, D2 and HD has been described. The EPR spectroscopic
results confirmed the successfull incorporation of Zn2` on Cu2` sites in the framework resulting
in isolated S “ 1{2 Cu2` ions as excellent sensor for studying the coordination geometries of the
adsorbed molecules. The Zeeman interaction and 63{65Cu hfc parameters of the various adsorbates
indicate the change in the coordination geometry from square planar for the adsorbate-free ma-
terial to square pyramidal for the MeOH, 13CO and 13CO2 adsorbates, whereas for the hydrogen
adsorbates, no change of the g- and ACu-tensor parameters were found within the experimental
error (table 2.10). Comparing the g- and ACu-tensor parameters of the Cu2` ions, an increasing
axial distortion of the ligand field can be seen from H2/D2/HD < 13CO2 < 13CO < MeOH/H2O
according to the increase of gzz and the decrease of ACuzz in this order.
The proton, deuterium and 13C hf interactions to the ligand nuclei as investigated by pulsed EPR
experiments reveal information about the geometries of the adsorbate complexes and allow structural
models of the MeOH, 13CO, 13CO2, HD and D2 molecules coordinated to the Cu2` ions. Hereby,
the deuterium nq coupling of adsorbed HD and D2 molecules was observed by pulsed ENDOR
and HYSCORE spectroscopy and quantum mechanical effects like the ortho/para-conversion and
the coupling between nuclear spin and rotational states of adsorbed hydrogen molecules could be
discussed.
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[Cu2(bdc)2(dabco)]n and [Zn2(bdc)2(dabco)]n (bdc: 1,4-benzenedicarboxylate, dabco: 1,4-diaza-
bicyclo[2.2.2]octane) are two examples of layered metal-organic framework compounds. The layers
consitst of the metal ion with bdc linker molecules that are pillared by the twofold coordinating
dabco ligands [201–203]. Within the layers, two metal ions are bridged by four carboxylate groups of
four bdc ions forming paddle wheel units. With bdc as linker, the paddle wheel units are connected
in a grid like layer in the crystallographic ab-plane due to the 1,4-arrangement of the two carboxylate
groups at the aromatic ring (figure 1.2) [203]. The dabco ligands act as pillars between the layers by
coordinating with the two N atoms to the free binding site of the metal ions in c-direction. In this
way, a 3D network structure is formed (figure 3.1). The channels with a pore size of 7.5Åˆ7.5Å in
the activated, solvent-free materials are running also along the crystallographic c-direction. They
are interconnected by smaller windows of 3.7Åˆ3.7Å in a-direction. For [Zn2(bdc)2(dabco)]n, a
dynamic structural behavior has been found upon adsorption/desorption of guest molecules: the
bdc linker, which are slightly bent when solvent or adsorbed molecules are present, straighten upon
desorption of the guest molecules under expansion of the framework [203].
The corresponding solvent-free [Cu2(bdc)2(dabco)]n is isostructural to the solvent-free form of the
Zn compound but a similar dynamic behavior upon guest inclusion and removal has not been re-
ported for [Cu2(bdc)2(dabco)]n. [201,203] However, [Cu2(bdc)2(dabco)]n shows considerable potential
for hydrogen and methane sorption [201,202] as well as for the separation of polyaromatics in liquid
phase which is interesting in terms of purifying cracked steam cuts in the fuel industry [204]. The
Zn analogue [Zn2(bdc)2(dabco)]n shows remarkable properties with respect to the separation of
hexane isomers [205]. The family of similar layer-pillared metal organic framework compounds with
non-charged molecules as pillars between stacked layers has been shown to be particularly suited
for liquid (quasi-)epitaxial growth of thin MOF films [206].
The isostructural nature of [Cu2(bdc)2(dabco)]n and [Zn2(bdc)2(dabco)]n suggests that isomorphous
substitution over the entire stoichiometric range should in principle be feasible. The mixed-metal
compounds [Cu2´xZnx(bdc)2(dabco)]n (3x), in which 5% (x “ 0.1, 30.1), 25% (x “ 0.5, 30.5),
50% (x “ 1.0, 31.0), 75% (x “ 1.5, 31.5) and 95% (x “ 1.9, 31.9) of the Cu2` ions are substi-
tuted by diamagnetic Zn2`, fully retain the overall 3D sturcture of the parent material [110]. The
structural dynamics of the parent zinc compound was also observed by powder XRD analysis of the
mixed-metal compounds and depends on the Zn2` content: the higher the zinc content, the more
pronounced is the observed structural change. The successful incorporation of the Zn2` ions and the
conservation of the network structure were confirmed by single crystal and powder XRD, AAS, FTIR
and TG analysis, but it could not be clarified unambigously whether mixed-metal Cu/Zn paddle
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Figure 3.1: Structure of layered [Zn2(bdc)2(dabco)]n (solvent-free form) pillared by dabco ligands in
c-direction and 7.5Åˆ7.5Å channels running along c, interconnected by 3.7Åˆ3.7Å windows in a-
direction. [203]
wheel units or the formation of mono-metal Zn/Zn paddle wheels besides mono-metal Cu/Cu units
is preferred. Therefore, EPR experiments were carried out to elucidate the magnetic properties of
the paddle wheel units.
In the next chapter, the cw EPR spectroscopy studies of activated, solvent-free [Cu2(bdc)2(dabco)]n
(3) are described and compared with the results of the zinc substituted [Cu2´xZnx(bdc)2(dabco)]n
(30.1, 30.5, 31.0, 31.5 and 31.9) to monitor the effect of increasing Zn2` ions content. Temperature
dependent cw X-band EPR spectroscopic measurements of 30.1 were performed to obtain informa-
tion on the magnetic properties of the Cu/Cu pairs in the paddle wheel units and to determine the
exchange coupling constant J . [122] Parts of the EPR spectroscopic analyses have been published. [110]
3.1 [Cu2(bdc)2(dabco)]n (3)
The cw X-band EPR spectrum of [Cu2(bdc)2(dabco)]n (3) at room temperature shows a broad
signal at 320mT, corresponding to g0 = 2.11, with a large peak-to-peak linewidth ∆Bpp « 110mT
(figure 3.2, left). This signal is similar to the symmetric signal found at room temperature for
[Cu3(btc)2]n with a g-value of g0 = 2.16 and a linewidth of ∆Bpp = 85mT [31].
Additional signal components were found at ă 50mT and at 480mT at X-band frequencies. To
elucidate the origin of these lines, a cw EPR spectrum at Q-band frequencies was taken (figure 3.2,
right). Although the signal-to-noise ratio was considerably lower, a resolved anisotropic S “ 1
EPR powder pattern was observed at 980mT, 1350mT, 725mT and 526mT and assigned to the
Cu/Cu paddle wheel units (Cu/Cures.), whereas at X-band frequencies, the transitions of the S “ 1
spin system are partly not excited. A broad symmetric signal as in the X-band spectrum was not
clearly identified at Q-band frequencies but an underlying broad feature can be recognized taking
into accoount that the intensity of a signal observed at X-band frequencies is spread over a broader
field range at Q-band frequencies.
Both signals, the resolved anisotropic and the broad symmetric signal, were not observed anymore
at low temperatures.
Therefore, the signals are ascribed to antiferromagnetically coupled Cu/Cu pairs in the excited S “ 1
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Figure 3.2: Cw X-band (left) and Q-band (right) EPR spectra of [Cu2(bdc)2(dabco)]n (3) at room tem-
perature. The simulated spectra are a sum of the computed spectra of the resolved anisotropic S “ 1 signal
and the exchange narrowed symmetric S “ 1 signal. Simulation parameters are given in the text.
spin state. At 7K, the Cu/Cu pairs are in their EPR silent S “ 0 ground state as it has also been
observed for the Cu/Cu pairs in [Cu3(btc)2]n [31] and other compounds with Cu/Cu paddle wheel
units [118,207]. The broad symmetric line of the unresolved S “ 1 spin system is caused by additional
inter -paddle wheel exchange interactions between different Cu/Cu pairs that lead to a exchange
narrowing of the resolved signal (Cu/Cuex.n.) as it has also been observed in [Cu3(btc)2]n. [31,208–210]
The resolved signal (Cu/Cures.) could be represented well by spectral simulations of an anisotropic
S “ 1 spin system based on the spin Hamiltonian including the Zeeman interaction and the electron-
electron dipolar interaction in the fine structure term as given in
Hˆ “ 2pi
h
βe ~BgSˆ ` 2piSˆDSˆ
“ 2pi
h
βe ~BgSˆ ` 2pi|DpS2z ´ 2{3q ` EpS2x ´ S2yqs (3.1)
with a zero-field splitting (zfs) parameter D “ 0.340 cm´1 obtained from the principal value Dzz
of the fine structure tensor D according to equation (1.2) without an orthorhombic contribution
(E “ 0). For simulation, an axially symmetric g-tensor was assumed with gxx,yy “ 2.07p2q and
gzz “ 2.35p2q but the g-tensor anisotropy was not resolved in the spectra. The exchange narrowed
symmetric line of the unresolved S “ 1 signal (Cu/Cuex.n.) could be simulated with an isotropic g-
value g0 “ 2.11p2q. The sum of the computed spectra of the resolved anisotropic S “ 1 spin system
and the exchange narrowed symmetric signal of the unresolved S “ 1 system respresent also the
X-band spectrum at room temperature sufficiently well (figure 3.2, left). At Q-band frequencies,
the broad line was hardly identified and was not taken into account in the simulation that only
shows the simulated spectrum of the resolved S “ 1 spin system (figure 3.2, right).
The complete effective spin Hamiltonian of two interacting electrons further includes the isotropic
exchange interaction between the two coupled electrons with an overall spin Sˆ “ Sˆ1 ` Sˆ2 of the
individual spins Sˆ1 “ Sˆ2 “ 1{2 with the isotropic exchange coupling constant J as given by (here
in energy units) [6]
Hˆ “ βe ~BgSˆ ` SˆDSˆ ` 1
2
JrSˆ2 ´ 3
2
13s. (3.2)
The resulting energy splitting for an antiferromagnetically coupled electron pair with isotropic dipo-
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Figure 3.3: Singlet-triplet separation for an antiferromagnetically coupled system with S1 “ S2 “ 1{2 and
isotropic fs splitting of the S “ 1 state (left). Energy levels of the triplet state for axial symmetry for B0 ‖ z
(center) and B0 K z (right).
B2xy1 “ pge{gxx,yyq2B0pB0 ´D1q
B2xy2 “ pge{gxx,yyq2B0pB0 `D1q
Bz1 “ pge{gzzq|B0 ´D1|
Bz2 “ pge{gzzqpB0 `D1q
B2dq “ pge{xgyq2
`
B20 ´
`
D12{3˘˘
B2min “ pge{gminq2
“`
B20{4
˘´ `D12{3˘‰
gmin “ g2xx,yy sin2 α` g2zz cos2 α
α2 “ cos´1
„
9´ 4pD{hνq2
27´ 36pD{hνq2

. (3.3)
lar interactions is depicted in figure 3.3, left, in which the S “ 0 ground state (singlet state) and
the S “ 1 excited state (triplet state) are separated by the isotropic coupling J . [6] The exchange
interaction J can be determined from the temperature dependence of the EPR intensity of a tran-
sition [31,211] as it was also perfomed here and described in chapter 3.4.
In the case of strong exchange interactions, the EPR spectrum can be described as a triplet S “ 1
spin state with anisotropic electron-electron dipolar interactions equation (3.1). For anisotropic
dipolar interactions, e.g. with axial symmetry as observed for [Cu2(bdc)2(dabco)]n (3), the de-
generacy of the triplet state is partially removed already at zero-field leading to a splitting of the
levels by the zero-field splitting parameter D. Two transition become observable for the magnetic
field being parallel and perpendicular to the symmetry axis z, respectively, according to the selec-
tion rule ∆Ms “ ˘1 (figure 3.3, center and right). The transitions are commonly named Bz1 and
Bz2 for B0 ‖ z, and Bxy1 and Bxy2 for B0 K z. [212] Additionally, a forbidden transition at Bmin
with ∆Ms “ ˘2 can be detected in the low field region. Furthermore, a so-called double quantum
transition is observed when the energetic separation between the Ms “ ´1 and Ms “ 0 levels is
of the same size as the separation between the Ms = 0 and Ms “ `1 levels and the resonance
conditions for both transitions are complied at the same magnetic field Bdq. Then the absorption of
two photons excites both transitions simultaneously which is often observed when using high power
Q-band frequencies. [122]
The resonance field positions Bxy1, Bxy2, Bz1 and Bz2 of the transitions in axially symmetric
systems, as well as Bdq and Bmin for the double quantum transition and the ∆MS “ ˘2 transition,
respectively, can be expressed as modification of the resonance field for the free electron, B0 =
hν{geβe, due to the g-anisotropy and the electron-electron dipolar interactions expressed by the
zero-field splitting D according to equations (3.3). [122,212] In previous works, the zero-field splitting
parameter D and the g-tensor parameters gii have been determined from the field positions Bii
applying equations (3.3). [213,214]
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Figure 3.4: Assignment of the observed EPR transitions according to table 3.1. Bottom: angular depen-
dences of the transitions Bxy1, Bxy2, Bz1, Bz2 and Bmin (red dotted lines). Top: X-band (left) and Q-band
(right) cw EPR spectra of 3 at room temperature. The simulations (blue) take into account only the resolved
signal of the S “ 1 state without the dq transition Bdq (green dotted line) observed at Q-band frequencies.
Table 3.1: Calculated and experimental resonance fields of the S “ 1 transitions at Q- and X-band fre-
quencies for samples 3 and 30.1 according to equations (3.3) [212]. Resonance field strengths B0 in mT.
X-band
transition Bcalc.0 BX0 p3q BX0 p30.1q
Bxy1 out of range
Bxy2 472 478 479
Bz1 146 not res. not res.
Bz2 599 600 not res.
Bdq not observed
Bmin out of range
Q-band
transition Bcalc.0 B
Q
0 p3q BQ0 p30.1q
Bxy1 982 980 970
Bxy2 1338 1350 1349
Bz1 723 725 727
Bz2 1344 1350 1349
Bdq 1106 1118 1114
Bmin 486 526 520
Here, in contrast, the zero-field splittingD and the g-tensor parameters gii which were determined by
spectral simulations based on the exact diagonalisation of the energy matrix were used to calculate
the resonance field positions Bxy1, Bxy2, Bz1 and Bz2 in order to identify and assign the observed
lines in the cw EPR spectra of 3 (B0 = 1213mT for Q-band (ν = 34GHz) and 339mT for X-band
(ν = 9.5GHz) measurements, D1 “ D{geβe “ 364mT).
The experimentally observed and the calculated field positions are listed in table 3.1 and show a good
agreement allowing the assignment of the observed lines (figure 3.4). At X-band frequencies, the
zero-field splitting D is of similar size than the exciting mw radiation frequency (D = 0.340 cm´1
= 10.2GHz), therefore only three transitions can be observed. One of them is superposed by
the broad unresolved signal and therefore is not resolved. At Q-band frequencies, the zero-field
splitting is significantly smaller than the applied mw frequency, here all transitions are observed.
The angular dependence of the transitions in the S “ 1 system in X- and Q-band frequencies is in
good agreement with the simulated and experimentally observed powder pattern (figure 3.4). In
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the Q-band spectrum, the line of the double quantum transition Bdq occurs at the crossing point
of the two ∆Ms “ ˘1 transitions.
The zero-field splitting of D = 0.340 cm´1 observed for 3 is in the range observed for other
Cu/Cu paddle wheel units in network structures, e.g. [Cu3(btc)2(H2O)3]n with D = 0.320 cm´1 [31]
and [Cu(bdc)]n (D = 0.347 cm´1 [29] or in the monomolecular compounds [Cu2(ac)4(H2O)2] (D =
0.34 cm´1, E = 0.01 cm´1) [117] and [Cu2(1-ad)4(H2O)2] (D = 0.341 cm´1, E “ 0) [118]. In such
monomolecular Cu/Cu paddle wheel compounds, the fine structure pattern usually is resolved.
In 3, the occurrence of the exchange narrowed signal of the S “ 1 spin system suggests that the
Cu/Cu pairs are involved in additional inter -paddle wheel exchange interactions via the ligands as it
has been observed for [Cu3(btc)2]n. [31] In the monomolecular compounds with Cu/Cu paddle wheel
units, these additional exchange interactions are not possible and therefore only a resolved signal
is observed. However, these inter -paddle wheel exchange interactions are not extended uniformly
over the entire framework, since also the resolved anisotropic S “ 1 pattern is observed.
In the cw Q-band EPR spectrum of 3, also a minor signal of monomeric Cu2` ions was identified
(figure 3.2, right). Therefore, one might assume that the paddle wheel framework is interrupted by
paramagnetic Cu2` defect sites that do not propargate the inter -paddle wheel exchange interactions.
If such ’defect sites’ are created on purpose by substituting 5% of the Cu2` by Zn2` ions, the resolved
signal becomes considerably more pronounced than the exchange narrowed signal as observed for
sample 30.1 (see next chapter). The extent of the inter -paddle wheel exchange interactions will
be discussed in chapter 3.4 in which the temperature dependent measurements are described. The
discrepancy between the g-value of the exchange narrowed S “ 1 signal (Cu/Cuex.n.) and the average
xgy-value of the anisotropic S “ 1 signal (Cu/Cures.) will be discussed in the following chapters.
Because of the low intensity and the partial superposition of the Cu/Cures. and Cu/Cuex.n. signals,
and furthermore to obtain information about the g-tensor and the hyperfine coupling tensor A,
the mixed-metal compounds [Cu2´xZnx(bdc)2(dabco)]n (3x) were studied, in which Cu2` ions are
partially replaced by Zn2` ions by isomorphous substitution over the entire stoichiometric range [110].
The EPR spectroscopic investigations of the samples with 5%, 25%, 50%, 75% and 95% Zn2`
ions are described in the next section.
3.2 [Cu1.9Zn0.1(bdc)2(dabco)]n (30.1)
The isomorphous substitution of 5% of the Cu2` ions in [Cu2(bdc)2(dabco)]n by Zn2` ions can
either result in the formation of a few percent of paramagnetic mixed-metal Cu/Zn paddle wheel
units with a spin S “ 1{2 besides the majority of antiferromagnetically coupled Cu/Cu paddle
wheel units or in the formation of a few percent of diamagnetic monometal Zn/Zn paddle wheel
units. As it was successfully applied for [Cu3(btc)2]n, the formation of mixed-metal Cu/Zn units
was expected also for [Cu1.9Zn0.1(bdc)2(dabco)]n (30.1). The signal of the excited S “ 1 state of
the antiferromagnetically coupled Cu/Cu pairs, which are still the majority of paddle wheel units
of 30.1, was expected to dominate the spectrum of 30.1 at room temperature. At low temperatures,
the Cu/Cu pairs are in the EPR silent S “ 0 ground state and the remaining S “ 1{2 spin of the
few mixed Cu/Zn paddle wheel units in 30.1 should become observable to allow for determination
of the g- and A-tensor parameters.
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Figure 3.5: Cw X- (left) and Q-band (right) EPR spectra of 30.1 at room temperature. The simulation
(blue) is the sum of the computed spectra of the resolved S “ 1 signal (Bz1,2, Bxy1,2), the axial (gaxial‖ ,
gaxialK ) and the orthorhombic (gorthoxx , gorthoyy , gorthozz ) Cu2` species with S “ 1{2. For simulation parameters
see table 3.2.
cw X- and Q-band EPR spectroscopy of 30.1 at room temperature
At room temperature, the cw X-band EPR spectrum of [Cu1.9Zn0.1(bdc)2(dabco)]n (30.1) showed a
different pattern than the parent copper material [Cu2(bdc)2(dabco)]n (3) (figure 3.5 and figure 3.6).
But a careful anaylsis revealed that both, resolved and unresolved, signals of the excited S “ 1 spin
state of the Cu/Cu pairs are present in the spectrum. The transition Bxy2 of the resolved S “ 1
signal is observed at 480mT, the unresolved S “ 1 signal can be recognized faintly as underlying
broad feature in figure 3.5, left, and more clearly in figure 3.6e, left, with an isotropic g-value
of g0 « 2.16 roughly estimated by spectral simulation but not included in the simulated spectra
in figure 3.5. Additionally, sharp signals of two Cu2` species with S “ 1{2, one with an axially
symmetric g-tensor and of a second with an orthorhombic g-tensor, are superposing the signals of
the S “ 1 spin system of the Cu/Cu paddle wheel units (figure 3.5, left).
At Q-band frequencies (figure 3.5, right), all transitions of the resolved S “ 1 spin system are
observed allowing the spectral simulation with the same parameters as obtained for the signal of
the Cu/Cu pairs in 3 (table 3.2). The experimentally observed resonance fields were assigned to the
transitions Bxy1, Bxy2, Bz1 and Bz2 as well as Bmin and Bdq for axial symmetry of the cupric centers
according to equations (3.3) [212] (table 3.1). Furthermore, the g-anisotropy of the S “ 1{2 Cu2`
signals is well resolved at Q-band frequencies. The principal g-tensor parameters were determined
by spectral simulations of the Q-band spectrum and represent the X-band spectrum also very well
(table 3.2). The 63{65Cu hf structure was not resolved for both Cu2` signals. The composition of
the signal arising from the different Cu2` species is shown in figure 6.31.
cw X-band EPR spectroscopy of 30.1 at low temperature
At 7K, the signals of the Cu/Cu pairs were not observed confirming an antiferromagnetic coupling
with Cu/Cu pairs in their EPR silent S “ 0 ground state (figure 6.30). Instead, a superposition
of the signals with axial and orthorhombic g-tensors was found. The simulation parameters are
included in table 3.2.
The EPR parameters are known to change at low temperatures compared to the values determined
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Table 3.2: Spin Hamiltonian parameters of Cu2` ions in 30.1 (95% Cu2`), 30.5 (75% Cu2`), 31.0 (50%
Cu2`), 31.5 (25% Cu2`) and 31.9 (5% Cu2`) at 298K and 7K. g0: isotropic g-value, xgy = p2gxx,yy`gzzq{3.
ACuii and D in [cm
´1]a
species S T % Cu2` gxx gyy gzz
g0 ACuxx,yy A
Cu
zz Dor xgy
Cu/Cures. 1 298K 25-100 2.07 2.07 2.35 x2.163y not res. not res. 0.340
Cu/Cuex.n. 1 298K 75-100 – – – 2.11 – – –
Cu/Zn 1/2
298K 95 2.064 2.064 2.349 x2.159y not res. not res.5-75 2.064 2.064 2.349 x2.159y not res. 0.0142
7K 75+95 2.066 2.066 2.330 x2.154y <0.0011 0.01575-50 2.066 2.066 2.344 x2.159y <0.0011 0.0152
Cu2`extra 1/2
298K 95 2.032 2.112 2.289 x2.144y not res. not res.
7K 95 2.032 2.100 2.282 x2.138y not res. not res.
aErrors: ∆gxx,yy “ ˘0.02, ∆gzz “ ˘0.02, ∆D “ ˘0.002 cm´1 for S “ 1, ∆gxx,yy “ ˘0.003, ∆gzz “ ˘0.002,
∆Azz “ ˘ 0.0002 cm´1 for S “ 1{2.
at room temperature due to a slight reduction of the cell parameters and the atomic distances upon
cooling [4]. However, the decrease of gaxialzz from 2.349 to 2.330 for the axial Cu2` ion seemed to
be somewhat larger than expected for a temperature effect and indicates a distortion of the axial
ligand field. This topic will be adressed in the next chapter in which the spectra of the samples
with higher zinc content are described.
For the axial signal, the 63{65Cu hf coupling in z-direction of the g-tensors principal axes frame
is resolved and reveals with Aaxialzz = 157ˆ 10´4 cm´1 a typical value found for square pyramidal
coordination [133] as it was also found for the as synthesized [Cu2.97Zn0.03(btc)2]n (2as) and for
2MeOH (A
as,MeOH
zz = 158ˆ 10´4 cm´1) having an axially coordinated H2O or MeOH molecule. For
activated 2act with square planar coordination geometry of the cupric ions, a significantly larger
Azz = 190ˆ 10´4 cm´1 and smaller gzz = 2.279 was found. Therefore, the axial signal observed in
sample 30.1 is attributed to mixed-metal Cu/Zn pairs in the framework structure coordinated by
dabco-ligands via the axial binding site. The hf coupling to the 14N nucleus (I “ 1) of coordinating
N-atom of the dabco-ligand is not resolved in cw EPR experiments. Additionally, a broad underlying
signal with same g-tensor parameters but with unresolved hf coupling was included in the simulated
spectrum of 30.1. The origin of this signal is not clearly understood yet, whether it arises from some
agglomerated extra-framewowrk Cu2` species or from enhanced dipolar coupling resulting in strong
line broadening.
In x- and y-directions of the g-tensors principal axes frame, the signal components of the axial Cu2`
species is strongly superposed by the components of the orthorhombic Cu2` species. Therefore, the
simulation parameters in x- and y-directions of the g- and ACu-tensors might contain larger errors
for the axial and orthorhombic signal.
Both axial and orthorhomic S “ 1{2 signals, have different intensities relative to each other at
room temperature and at 7K. At 7K, the intensity of the axial signal increases in relation to the
orthorhombic signal whereas at room temperature, the orthorhombic signal is stronger. This might
be an indication that the two Cu2` species are differently influenced by the antiferromagnetically
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Figure 3.6: Experimental cw X-band (left) and Q-band (right) EPR spectra of [Cu2´xZnx(bdc)2(dabco)]n
(3x) with a) 5% Cu2` (x = 1.9), b) 25% Cu2` (x = 1.5), c) 50% Cu2` (x = 1.0), d) 75% Cu2` (x = 0.5),
e) 95% Cu2` (x = 0.1) and f) pure [Cu2(bdc)2(dabco)]n (x = 0) (3) at room temperature.
coupled Cu/Cu pairs. At room temperature, the Cu/Cu pairs, which are the majority of Cu2`
species, are in their excited S “ 1 state. Therefore, one might assume that the axial signal is
stronger influenced by the excited S “ 1 state of the Cu/Cu pairs at room temperature than
the orthorhombic signal. This influence on neighboured Cu/Zn paddle wheel units by the S “ 1
spin state of the Cu/Cu paddle wheel units might originate from additional dipolar and exchange
interactions taking place across the aromatic framework. Hence, the intensity of the axial Cu2`
signal of the Cu/Zn paddle wheel units is lower at room temperature. At 7K, at which the Cu/Cu
pairs are in their EPR silent S “ 0 state, the axial S “ 1{2 species is not influenced anymore and
therefore its intensity increased relative to the signal of the orthorhombic Cu2` species.
This behavior gives rise to the assumption that the orthorhomic g-tensor parameters represent
locally well ordered Cu2` species in higher concentration that are not connected to the framework
and therefore are not influenced by magnetic interactions with the Cu/Cu pairs. Furthermore, the
unresolved 63{65Cu hf coupling of the orthorhombic signal supports the assignement to a cupric ion
species in higher local concentration. The EPR spectroscopic analyses of the samples with higher
Zn2` content, which is described in the next chapter, reveals that the orthorhombic signal occurs
only in the sample 30.1. Therefore, it is tentatively assigned to an extraframework cupric phase,
though it is not observed in the powder X-ray diffraction analysis. Further analysis of the origin
of the orthorhombic signal of presumably extra-framework cupric species was beyond the scope of
this work.
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3.3 [Cu2´xZnx(bdc)2(dabco)]n (30.5, 31.0, 31.5 and 31.9)
The substitution of Cu2` ions by Zn2` in the paddle wheel units of the [Cu2(bdc)2(dabco)]n frame-
work structure in the samples 30.5, 31.0, 31.5 and 31.9, containing 25% (x = 0.5), 50% (x = 1.0),
75% (x = 1.5) and 95% (x = 1.9) Zn2` ions was likewise studied by cw X-band and Q-band EPR
spectroscopy at room temperature and at low temperatures. The samples of [Cu2(bdc)2(dabco)]n
with a Zn content ě50% (31.0, 31.5 and 31.9) can also be regarded as [Zn2(bdc)2(dabco)]n in which
the Zn2` ions were isomorphously substituted by Cu2` ions but for the sake of consistency the
nomenclature will be continued with x representing the Zn2` content in [Cu2(bdc)2(dabco)]n.
cw X- and Q-band EPR spectroscopy of 30.5, 31.0, 31.5 and 31.9 at room temperature
At X-band frequency, the signal of the Cu2` S “ 1{2 spin system with with axial g-tensor param-
eters that is assigned to mixed Cu/Zn paddle wheel units is observed in the samples 30.5, 31.0, 31.5
and 31.9 with a Zn2` content of 5% to 75% (x = 0.5, 1.0, 1.5 and 1.9) or, respectively, a Cu2`
content of 75% to 5% (figure 3.6). The 63{65Cu hf coupling is resolved in z-direction and deter-
mined by spectral simulation as Azz = 142p2q ˆ 10´4 cm´1. The hf coupling in x- and y-direction
is only badly resolved and hence the error in the simulations is larger. The simulated spectra for all
samples are shown in figure 6.29, appendix, the simulation parameters are listed in table 3.2. The
orthorhombic Cu2` signal which was observed additionally in the spectra of 30.1 with 95% Cu2` is
not found in the samples with less Cu2` content.
The sample 31.9 with 5%Cu2` in the basically [Zn2(bdc)2(dabco)]n host lattice exhibited sharp lines
and no significant g- and A-strain effect were observed indicating isolated spins in a well ordered
environment. This finding is consistent with the assumption of the formation of few percent of
mixed-metal Cu/Zn paddle wheel units. The linewidths in the samples 3x increased with rising
Cu2` content from 5% Cu2` (31.9) to 75% Cu2` content (30.5) (figure 3.6a-d) due to increasing
dipolar interactions between the paramagnetic mixed-metal Cu/Zn paddle wheel units and the
excited S “ 1 state of the rising number of Cu/Cu pairs.
In comparison, the square planar coordinated Cu2` ions in [Cu2.97Zn0.03(btc)2]n (2act) revealed a
significant higher hf coupling parameter Azz = 190ˆ 10´4 cm´1 and a lower gzz value of 2.279,
respectively. Upon coordination of adsorbed molecules at the axial binding site, the parameters
of 2 changed to smaller Azz and gzz values indicating a distortion of the ligand field from square
planar to square pyramidal. The g- and ACu-tensor parameters observed for the samples 3x having
the dabco-ligand coordinated to the axial binding site agree well with the parameters found for
[Cu2.97Zn0.03(btc)2]n with adsorbed molecules compared to the activated material 2act. With in-
creasing zinc content, a similar line broadening has been observed for both structure types realised
in 3x and 2x corresponding to an increasing number of paramagnetic mixed Cu/Zn paddle wheel
units in the low doping range (see above, figure 6.10 [125]).
The enlargement of the cw Q-band spectra at room temperature (figure 3.6) shows, that the resolved
signal of the excited S “ 1 state of the Cu/Cu paddle wheel units are already visible in the sample
31.5 with 25% Cu2`, whereas in the X-band spectra it is only observable for a copper content of
minimum 50% (x = 1.0) as it has been concluded before. [110] This discrepancy arises from the
higher sensitivity of the Q-band measurements compared to the X-band measurements with respect
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to the resolved S “ 1 signal, as it is seen for the samples 3 and 30.1. Therefore, the conclusion that
the mono-metal Cu/Cu pairs are not formed until a Cu2` content of 50% was realised, implying
that the formation of mixed Cu/Zn pairs is preferred for lower Cu2` content, has to be revised.
With the detailed analysis of the Q-band spectra performed after publication of the X-band results,
it can be concluded now that already in samples with less than 50% Cu2` both mixed Cu/Zn and
pure Cu/Cu paddle wheel units are formed. The Q-band data rather show that the Cu/Zn paddle
wheel units are formed already in the sample with 25% Cu2` ions.
cw X-band EPR spectroscopy of 30.5, 31.0, 31.5 and 31.9 at low temperature
The cw X-band EPR spectra of samples 31.9, 31.5, 31.0 and 30.5 at 7K revealed the signals of Cu2`
species with S “ 1{2 and axial symmetry of g- and A-tensors. The orthorhombic signal which was
found in sample 30.1 was also not detected at low temperature. The unresolved and resolved S “ 1
signals were not observed anymore in agreement with the observations for 3 and 30.1. This confirms
the assignement of the signals to antiferromagnetically coupled Cu/Cu pairs that are in their EPR
silent S “ 0 ground state at 7K. The g- and A-tensor parameters are listed table 3.2, the simulated
spectra are shown in figure 6.30, appendix.
At 7K, the g- and ACu-tensor parameters in z-direction shifted considerably for the samples 31.0
and 30.5 with 75% and 95% Cu2` ions (g7Kzz = 2.330, A7Kzz = 157ˆ 10´4 cm´1), whereas for the
samples 31.9 and 31.5 with less (5% and 25%) Cu2`, the shift in gzz and Azz is less strong in
comparison with the room temperature spectra (g7Kzz = 2.344, A7Kzz = 152ˆ 10´4 cm´1).
Temperature dependent measurements of sample 30.5 were carried out to elucidate whether this
shift occurs at a distinct temperature. But they reveal a continuous change of gzz and Azz over
the whole temperature range rather than phase transition at a distinct temperature (figure 6.32,
appendix).
At 7K, a similar line broadening is observed with increasing Cu2` content (decreasing Zn2` content)
from 31.9 to 30.1 indicating increasing dipolar interactions also at low temperatures (figure 6.30).
Sample 31.9 with 5% Cu2` reveals sharp lines which show no g- and A-strain effects giving evidence
for high local order and uniform coordination sites for the cupric centers. The line widths increase
with increasing Cu2` content due to increasing dipolar interactions.
3.4 Determination of the exchange coupling J
From temperature dependent EPR measurements, it is possible to obtain information about the
antiferromagnetic coupling of the two unpaired electrons in the Cu/Cu pair that allow for the
determination of the splitting J between the S “ 0 ground state and the excited S “ 1 state
according to equation (3.2). The EPR signal intensity is known to be correlated to the magnetic
susceptibility of the system (IEPR9χmol). [117,215] The magnetic susceptibility χmol is described by
χmol “ µ0NAβ
2
eg
2
3kBT
„
1` 1
3
exp
ˆ´2J
kBT
˙´1
` χ0. (3.4)
as a function of the temperature for a system of exchange coupled metal ion pairs with a parameter
J between the unpaired electrons and an average g-value. The other constants have their usual
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Figure 3.7: Temperature dependent cw X-band
EPR spectra of 30.1. For clarity, only selected spec-
tra are shown. The signals of the axial and or-
thorhombic Cu2` S “ 1{2 species are partly cut
off by the enlargement.
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Figure 3.8: the EPR signal intensity of the Bxy2
transition at 478mT as a function of the tempera-
ture. The solid line corresponds to a best fit to the
experimental data using equation (3.4).
meaning including the temperature-independent susceptibility χ0 = 76ˆ 10´5 cm3mol´1 [216]. Since
the intensity of the EPR line is proportional to the magnetic susceptibility, the magnitude of J can
be obtained from a fit of a plot of the EPR intensities versus the temperature.
The temperature dependent measurements were carried out with sample [Cu1.9Zn0.1(bdc)(dabco)]n
(30.1) because it reveals the maximum intensity of the resolved S “ 1 signal. The influence of
the small Zn2` incorporation on the intra paddle wheel exchange coupling of the Cu/Cu pairs
was considered to be neglegible. The measurements have been carried out at X-band frequencies
because a TE104 cavity for measurements with an external reference sample were not available at
Q-band frequencies but at X-band frequencies. For the analysis of the temperature dependence of
the EPR intensities of the S “ 1 state, its transition at 478mT was used. Selected spectra are
shown in figure 3.7, left. The intensity was determined graphically which is the reason for the large
uncertainty. A more accurate determination by simulation of the normalized EPR intensities of
the complete signal was not possible from the X-band spectra because of the superposition of the
signal components of the resolved signal with the underlying unresolved signal. Other transitions
of the resolved S “ 1 spectrum were not excited at X-band frequencies and could not be used for
the analyses.
At temperatures below 64K, no evidence for the S “ 1 state was found in the X-band cw EPR
spectra of 30.1 (figure 3.7, left). The signal components of the S “ 1 state occurred at 64K with
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increasing intensty as the temperature rises until 173K, where a maximum of the intensity was
observed. At higher temperatures, the intensity of the S “ 1 signal components decreased again.
Simultaneously, the broad and unresolved signal of the exchange coupled Cu/Cu pairs became
stronger. The thermal behavior of the S “ 1 signals indicates the antiferromagnetic coupling of
the Cu/Cu pairs in [Cu1.9Zn0.1(bdc)2(dabco)]n (30.1). Equation (3.4) provided then a reasonable
fit to the the temperature dependence of the intensity revealing an exchange coupling constant J
= ´113 cm´1 (figure 3.7, right).
The decrease of the intensity of the resolved S “ 1 signal towards higher temperatures is larger
than expected according to equation (3.4) even considering the large uncertainty of the analysis.
At higher temperatures, the S “ 1 state becomes more and more populated recognized by the
increasing intensity. With rising number of Cu/Cu pairs in the S “ 1 state, the dipolar interactions
between the magnetic units become stronger but also the additional inter -paddle wheel exchange
interactions [31] leading to the an increasing of the exchange narrowed signal Cu/Cuex.n. and less
of the resolved signal Cu/Cures.. [208] In the temperature dependent measurements of 30.1, this
correlation between the resolved signal Cu/Cures. and the exchange narrowed signal Cu/Cuex.n. was
directly observed.
3.5 Discussion
Isomorphous substitution
At room temperature, the signal with axial g-tensor parameters was observed in all samples con-
firming a uniform incorpration of Cu2` ions in the [Zn2(bdc)2(dabco)]n or, vice versa Zn2` ions into
[Cu2(bdc)2(dabco)]n forming mixed-metal Cu/Zn paddle wheel units. The axial signal therefore is
assigned to the Cu2` ions in the mixed Cu/Zn paddle wheel units. The line width of the axial
signal increased with the Cu2` content due to increasing dipolar interactions.
At low temperatures, the axial signal of the mixed Cu/Zn paddle wheel units shifted differently
depending on the Cu2` content of the samples. For samples 30.5 and 30.1 with high Cu2` content
(75% and 95%), the shift is more pronounced than for the samples 31.0, 31.5 and 31.9 with lower
Cu2` content (5% to 50%). The decrease of gzz and the increase of Azz indicate a small change of
the square pyramidal coordination geometry of the Cu2` ions towards a square planar coordination
suggesting a somewhat weaker coordination of the axial dabco ligand and therefore a slight elon-
gation of the axial bond. The temperature dependent measurement of sample 30.5 with 75% Cu2`
revealed an incremental change rather than a phase transition at a distinct temperature (figure 6.32,
appendix). Thus, the structural change towards lower temperatures occurs gradually and involves
the axial dabco ligand stronger than the equatorial bonded bdc linkers which might be correlated
to a temperature dependent Jahn-Teller distortion in axial direction.
Upon adsorption/desorption of guest molecules, also an elongation of the axial M-N bond was
observed for the [Cu2´xZnx(bdc)2(dabco)]n materials (3x) by powder XRD analyses [110,203]. But
in contrast to the temperature induced distortion, the adsorption/desorption induced structural
change is more pronounced for the samples 31.9, 31.5 and 31.0 with less Cu2` and more Zn2`
content (5% to 50% Cu2` and 95% to 50% Zn2`) corresponding to the behaviour of the par-
ent [Zn2(bdc)2(dabco)]n [203]. The samples 30.5 and 30.1 with high Cu2` content (75% and 95%,
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respectively) remain more rigid upon adsorption/desorption of solvent or other guest molecules
corresponding to the behaviour of the parent [Cu2(bdc)2(dabco)]n. [201]
The uniform incorporation of Cu2` ions into [Zn2(bdc)2(dabco)]n implies as a consequence that
the EPR spectra of the samples with 5% and 95% Cu2`as well as 25% and 75% Cu2` should
display the signals of the same cupric ion species. The EPR spectroscopic investigations presented
in this work confirm this hypothesis in principle, but also show high sensitivity with respect to
slight deviations in the structural behavior of the materials. The hf coupling is resolved at room
temperature in sample 31.9 with 5% Cu2` but not in 30.1 with 95% Cu2`. Presumably, the S “ 1{2
electron spins of the few mixed Cu/Zn paddle wheel units in 30.1 are strongly interacting with the
majority of Cu/Cu pairs in their EPR active S “ 1 signal at room temperature. In 31.9, the few
mixed Cu/Zn paddle wheel units are well separated and diamagnetically diluted in the parent zinc
framework, which is indicated by the sharp lines, allowing for a good resolution of the hf splitting
already at room termperature. At 7K the electron spin of the Cu/Zn pairs 30.1 do not experience
any interference with the Cu/Cu pairs being in the EPR silent S “ 0 ground state. Therefore, the
intensity of the axial S “ 1{2 signal is higher compared to the orthorhombic S “ 1{2 signal, and the
hf coupling is resolved only at 7K. A similar behaviour was also observed for [Cu2.97Zn0.03(btc)2]n in
which the resolved S “ 1{2 signal is only visible at low temperatures whereas at room temperatures,
the S “ 1 signal dominates the spectrum. The orthorhombic signal is only found in sample 30.1 and
is not influenced by the S “ 1 state of the Cu/Cu pairs. Therefore, it is tendentially assigned to
extraframework Cu2` species or to a second phase with monomeric Cu2` in high local concentration.
Besides the axial signal of the mixed Cu/Zn paddle wheel units, the resolved and unresolved signals
of the Cu/Cu pairs showed higher intensity in samples with higher Cu2` content. Increasing Cu2`
content enhances the inter -paddle wheel exchange interactions between the Cu/Cu pairs causing
the narrowing of the resolved fine structure signal of the S “ 1 spin system and even lead to coa-
lescence into a single, structureless line. [31,208–210]
Exchange coupling effects
For Cu/Cu paddle wheel units bridged by carboxylate ions (here abbreviated by -OC(O)R), an ex-
change pathway operating dominantly through the bridging carboxylate groups is assumed rather
than by a direct Cu¨ ¨ ¨Cu interaction [207]. Accordingly, this exchange interaction becomes stronger
as the Cu-O bond strengths increase and less strong for weak Cu-O bonds. An axially coordinating
ligand can influence the Cu-O bond strengths depending on its basicity. A strong base weakens
the Cu-O bonds to the carboxylate ligands and even raise the cupric ion out of the basal oxygen
plane. This can be recognized by the distance between the Cu2` ion to the coordinating atom of
the base. A short distance implies a strong interaction between the Cu2` ion and the base and a
less strong Cu-OC(O)R bond resulting in a reduced exchange interaction and therefore a smaller |J |
value. On the other hand, a long distance indicates a weak copper-base interaction, leaving a strong
exchange interaction [207]. The Cu-N distance in 30.1 is assumed to be approximately the same than
found for [Zn2(bdc)2(dabco)]n (rZnN = 2.044Å [203]) or for the mixed-metal compounds 31.9, 31.5
and 31.0 (rZn/Cu-N = 2.044Å, 2.046Å and 2.037Å [110]). This is significantly shorter than found e.g.
for [Cu2(ac)4(acr)] having the aromatc acridine molecule as an axial ligand. In general, aromatic
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N bases are weaker than aliphatic N bases, [217] which is also recognized in [Cu2(ac)4(acr)] by the
longer Cu-N distance of 2.371Å. According to this correlation, the absolute value of the exchange
coupling constant with J = ´170 cm´1 is larger (more negative) for [Cu2(ac)4(acridine)] with the
weaker base acridine [218] than the value J = ´113 cm´1 found for 30.1 with the aliphatic dabco-
ligand which is, as a tertiary amine, the stronger base. For Cu/Cu paddle wheel units with the weak
base H2O coordinating axially via the oxygen atom to the cupric center, an exchange coupling J
= ´149 cm´1 was determined with inelastic neutron scattering for deuterated [Cu2(ac)4(D2O)] [219]
and for [Cu3(btc)2(H2O)]2 an exchange coupling of J = ´185 cm´1 was determined by EPR spec-
troscopy [31]. Therefore, the low value of |J | determined for 30.1 is in agreement with the correlation
to the strength of the coordinating base. [207] However, the zfs parameter D does not seem to be
influenced by the different axial ligands. Since D is composed of two contributions, the dipole-dipole
interaction and the anisotropic exchange interaction, both seem to compensate each other to yield
a constant D value. [220–222]
The exchange interaction for the monometal Cu/Cu pairs expressed by J was not influenced by the
substitution of 5% of the Cu2` ions by Zn2` forming a few mixed-metal Cu/Zn paddle wheel units
in the vicinity.
The spectrum of [Cu2(bdc)2(dabco)]n (3) displays the rarely observed occurrence of both resolved
and exchange narrowed signals of an excited S “ 1 spin state of antiferromagnetically coupled
Cu/Cu pairs arising from inter paddle wheel exchange interactions across the aromatic ring system
of the bdc linkers as also observed for [Cu3(btc)2]n at room temperature. [31] In molecular compounds
with Cu/Cu paddle wheel units, such additional exchange interactions that lead to a narrowing of
the S “ 1 signal has been observed for the dimeric [Cu2(OOCC5H11)4(urea)]2 in which the pad-
dle wheel units are connected by inter -dinuclear coordination bonds
hkkkkkkkkkkkkkkkkkkkkkkkkj
Cu´O ´ Cu´O forming
four-membered rings. [223] For the 3-dimensional framework [Cu3(btc)2]n, only the unresolved signal
has been observed at room temperature and interpreted in terms of enhanced additional inter -
paddle wheel exchange interactions via the aromatic rings, whereas the resolved signal could only
be observed from 90K to 120K. In the Zn2` substituted compounds [Cu3´xZnx(btc)2]n (2x) (see
chapter 2), also the exchange narrowed signal dominates the spectrum at room temperature in
such way that the S “ 1{2 signal of the mixed Cu/Zn paddle wheel units was not detected at
room temperature. Likewise, a resolved S “ 1 signal was not detected for 2. In contrast, the addi-
tional inter -paddle wheel exchange interactions do not occur in monomolecular Cu/Cu paddle wheel
compounds, [207] e.g. [Cu2(1-ad)4(H2O)]2 [118] that are not interconnected to 2- or 3-dimensional net-
works but also bear an axially coordinated ligand. Here, only the resolved S “ 1 signal has been
observed.
In compounds 3x, these inter -paddle wheel exchange interactions seem to be less pronounced lead-
ing to the observation of both the resolved and unresolved S “ 1 signals. The [Cu2(bdc)2(dabco)]n
framework is built by 1,4-benzenedicarboxylate as organic linker forming a 2-dimensional layer
that contains the metal ions and the conjugated aromatic system. In [Cu3(btc)2]n, the 1,3,5-
benzenetricarboxylate linker has three carboxylate groups at the aromatic ring in alternating posi-
tions leading to a 3-dimensional connection of the Cu/Cu pairs. Since the additional inter -paddle
wheel exchange interactions are discussed to take place via the aromatic framework, [31] the different
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coordination properties of the bdc and the btc linker molecules are crucial for the propagation of
the inter -paddle wheel exchange interactions. Furthermore, the 1,3,5-positions of the aromatic btc
ring correlate with alternating calculated electron densities that give rise to alternating signs of
isotropic 1H or 13C hf coupling parameters Aiso of 13C-atoms or protons in 1-,3- and 5-position
of the aromatic rings [224]. This supports the finding that a propagation of the inter -paddle wheel
exchange interactions is larger when taking place via the 1,3,5-substituted aromatic btc linker than
via the 1,4-substituted bdc linker. Therefore, the exchange path across the bdc linkers in 3 seems
to be less efficient compared to the btc linker in [Cu3(btc)2]n at room temperature. Hence, the
resolved signal of the S “ 1 spin state occurs beside the exchange narrowed signal in the samples
3x, whereas in [Cu3(btc)2]n and in [Cu3´xZnx(btc)2]n only the latter is observed at room temper-
ature. The bidentate, aliphatic dabco ligands acting as pillars between the Cu-bdc layers in 3 are
not taking part in such interactions.
Regarding the additional inter paddle wheel exchange interactions, the substitution of the Cu2` ions
by Zn2` has an essential influence that is best recognized in the spectra at room temperature when
the Cu/Cu pairs are in their excited S “ 1 state. At low Zn2` content in [Cu1.9Zn0.01(bdc)2(dabco)]n
(sample 30.1), the intensity of the resolved S “ 1 signal is significantly stronger than in the parent
[Cu2(bdc)2(dabco)]n (3). This can be explained qualitatively by the assumption that the inter -
paddle wheel exchange interaction leading to the exchange narrowed S “ 1 signal were disturbed by
the formation of few mixed-metal Cu/Zn paddle wheel units and therefore the resolved S “ 1 signal
became more intense. Increasing Zn2` content x in 3x causes the intensities of both, resolved and
unresolved S “ 1 signals to decrease in favour of the S “ 1{2 signal of mixed Cu/Zn paddle wheel
units. Due to this competing effects, the resolved signal has greatest intensity in the spectrum of
sample 30.1 and therefore was taken for the temperature dependent masurements.
The occurrence of the resolved S “ 1 signal upon partial Zn2` substitution in low concentration
was not observed for the btc compound [Cu2.97Zn0.03(btc)2]n (2). In 2, only 1% of the Cu2` ions
were substituted. One can speculate that this might be too small for a significant interruption
of the inter -paddle wheel exchange interactions. But if it is considered that the resolved S “
1{2 signal is even not observed at room temperature in the samples 20.63 with 21% Zn2` (see
chapter 2.2.1) [125] whereas the inter -paddle wheel exchange interactions in the 1,4-bdc framework
are already interrupted by the incorporation of 5% Zn2` in the [Cu2(bdc)2(dabco)]n framework,
the crucial influence of the 3-fold connection of the 1,3,5-btc linkers becomes obvious since still a
propagation pathway remains via the 1,3,5-btc linkers whereas in the 2-fold coordinating 1,4-bdc
linkers the inter -paddle wheel exchange interactions are interrupted by the formation of a Cu/Zn
paddle wheel unit. This is already seen for the pure copper compound [Cu2(bdc)2(dabco)]n (3),
in which minor defect sites already lead to the interruption of the inter -paddle wheel exchange
pathway and therfore to the observation of the resolved S “ 1 signal.
3.6 Conclusion: [Cu2´xZnx(bdc)2(dabco)]n (3x)
The EPR spectroscopic investigations showed that the Cu/Cu paddle wheels in [Cu2(bdc)2(dabco)]n
(3) are antiferromagnetically coupled. The size of the singlet-triplet separation J is determined to
be J = ´113 cm´1 and shows that strong axial ligands may decrease the strength of the superex-
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change coupling in Cu/Cu pairs. Furthermore, [Cu2(bdc)2(dabco)]n (3) and the zinc substituted
compounds [Cu2´xZnx(bdc)(dabco)]n (3x) are rare examples, in which the signal of the excited
S “ 1 state of the antiferromagnetically coupled Cu/Cu pairs with resolved fine structure splitting
is observed besides the unresolved S “ 1 signal of Cu/Cu pairs involved in additional inter -paddle
wheel exchange interactions at room temperature. Because the inter -paddle wheel exchange in-
teracitons are less strong in the bdc framework of [Cu2(bdc)2(dabco)]n than in the btc framework
of [Cu3(btc)2]n, the substitution of Zn2` ions lead to an interruption of the interaction pathways
in the former which is well detectable by EPR spectroscopy.
Furthermore, the results of the cw EPR spectroscopic investigations of 3 and 3x showed that the
isomorphous substitution of the metal ions was possible in the entire stoichiometric range. Besides
the paramagnetic Cu/Zn paddle wheel units with axially symmetric g- and ACu-tensors, a different
Cu2` species was identified in sample 30.1 with an orthorhombic g-tensor, which has not been
detected by powder X-ray diffraction analysis. The low temperature measurements revealed a
slightly different structural behavior upon cooling depending on the copper content, which also has
not been reported before. Hereby, the structural distortion is less for samples with low Cu2` content,
whereas in the samples with higher Cu2` content, the continuous change in the EPR parameters
indicate a stronger distortion of the coordination geometry involving an elongation of the axial Cu-N
bond.
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[(AlOH)1´x(VO)x(ndc)]n
4.1 Introduction
The compounds [Al(OH)(bdc)]n and [VO(bdc)]n, also known as MIL-53 [225] and MIL-47 [226], re-
spectively, are examples of another family of metal-organic frameworks with 2-fold coordinating
1,4-benzenedicarboxylate (bdc) linkers. Both compounds are isostructural with aluminum respec-
tively vanadium ions being coordinated octahedrally by six oxygen atoms of four carboxylate groups
and two bridging oxygen atoms or hydroxyl (OH) groups, respectively, which connect the octahedra
to infinite chains (figure 4.1). The chains are interconnected by the organic linkers forming 1D
channels parallel to the crystallographic b- and c-axes, respectively, for the as synthesized and ht,
respectively lt-phase. [225,226]
MIL-53 ([Al(OH)(bdc)]n), shows a distinct structural transformation upon desorption and ad-
sorption of solvent or other guest molecules, or upon thermal treatment [225,227]. During calci-
nation, the pores open slightly from a diameter of about 7.3Åˆ7.7Å in the as synthesized form
to 8.5Åˆ8.5Å [225] while solvent and residual terephthalic acid molecules are removed. This has
also been observed for the isostructural CrIII analogue [228] revealing a hysteresis in the temperature
dependence, which has been shown by neutron diffraction scattering [227] and by EPR spectroscopy
on the basis of the zero-field splitting of CrIII ions that have been substituted isomorphously into
MIL-53 [229]. Since the closed pore phase occurs at low temperatures, it is also referred to as low
temperature (lt) phase, whereas the open pore phase is adopted at high temperatures, hence also
named high temperature (ht) phase. Adsorption of gas molecules on the activated (open-pore) ma-
terial induces a second structural transformation [225]. Because of this flexible framework structure
in contrast to the rigid structures of the second generation MOFs, these dynamic compounds are
classified as metal-organic frameworks of the third generation (figure 1.3). [34].
as synthesized (as) open-pore ht-phase closed-pore lt-phase 
Figure 4.1: Structure of [Al(OH)(bdc)]n: as synthesized (as), open-pore (ht) phase and closed-pore (lt)
phase. [225]). Solvent molecules in the as- and the lt-phase are omitted, also H atoms.
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Figure 4.2: Structure of [Al(OH)(ndc)]n: the ndc linkers form the walls of two different channels. [231]
For MIL-47 ([VO(bdc)]n), the structural transformation is less pronounced but this compound
exhibits different oxidation states [226,230]. The oxidation state of the vanadium atoms changes from
`III in the as synthesized material [V(OH)(bdc)]n to `IV upon calcination. In a further step,
VIV can partially be reduced again to VIII by cobaltocene (CoCp2, Cp: cyclopentadiene) as it has
also been shown also by EPR spectroscopy after the adsorption of CoCp2 via gas phase deposition
on calcined [VO(bdc)]n. [87]
In the ndc framework (ndc: 1,4-naphthalene-dicarboxylate), also chains of corner sharing AlO6-
octahedra form 1D channels along the crystallographic c-axis (figure 4.2). [231] Hereby, the ndc
linker build the walls of the channels. In contrast to the bdc framework, two types of channels with
different diameters are found in the structure due to the steric demand of the ndc molecules: large
channels of 7.7Åˆ7.7Å pore size, and small channels with 3.0Åˆ3.0Å pore size.
The aluminum and vanadium ndc-MOF compounds [Al(OH)(ndc)]n and [VO(ndc)]n are also isostruc-
tural like the analogous bdc compounds [231,232]. Therefore, isomorphous substitution of aluminum
ions by vanadium ions is in principle feasable for both bdc and ndc compounds over the entire
stoichiometric range and has been successfully employed [86]. The conservation of the overall struc-
ture of the bdc and ndc network, respectively, was confirmed by powder X-ray diffraction (XRD)
analysis. [86] Both, VIII (3d2) and VIV (3d1) ions are magnetically active because of their S “ 1 and
S “ 1{2 spin state, respectively, and especially VIV has been studied in porous materials such as
SBA-15 [23] or in heteropolyacids [233] to determine the location and the local structure of the VIV
atoms.
In this project, the successive incorporation of vanadium ions into MIL-53 and [Al(OH)(ndc)]n was
studied by cw EPR but also by HYSCORE spectroscopy to elucidate whether the vanadium ions are
incorporated homogeneously and whether it is possible to obtain information about the dynamic
framework behaviour from the VIV EPR parameters. The EPR spectroscopic studies of powder
samples of [Al1´x(OH)1´x(VO)x(bdc)]n (4x) with a vanadium content of 1% (x = 0.01), 5% (x
= 0.05), 25% (x = 0.25), 50% (x = 0.50) and 75% (x = 0.75) are described to characterize the
dynamic behavior (section 4.2). For comparison, [Al0.99(OH)0.99(VO)0.01(bdc)]n 4V O was synthe-
sized using a similar method, but with substitution of 1% of the aluminum precursor by vanadyl
sulfate, VOSO4, with vanadium with oxidation state `IV in the vanadyl ion VO2` (for details see
appendix). In chapter 4.3, the as synthesized and calcined samples of [Al1´x(OH)1´x(VO)x(ndc)]n
with different vanadium content x = 0.05, 0.25, 0.50, 0.75 (5x) and of pure [VO(ndc)]n (51.00) were
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Figure 4.3: Cw X-band EPR spectra at room temperature of the as synthesized (left) and calcined (right)
4x with increasing vanadium content x from x “ 0.01 to x “ 0.75 (a-e and h-l, respectively). f,m: as
synthesized and calcined [VO(bdc)]n [87]). g,n: as synthesized and calcined 4V O.
analysed by EPR spectroscopy to elucidate whether the ndc framework exhibits a similar structural
transformation between an open and a closed pore phase.
4.2 EPR spectroscopic investigations of mixed-metal bdc
compounds
In all as synthesized bdc samples [Al(OH))1´x(VO)x(bdc)]n (4x), no evidence for VIII species (3d2,
S “ 1) was found in the EPR spectra (figures 4.3a-e), similar to the as synthesized sample of the
pure vanadium structural analogue [VO(bdc)]n (figure 4.3f). [87] Instead, several VIV species are
observed in the as synthesized and calcined samples 4x. Their spectra can be described by axially
symmetric g-tensors of VIV ions (3d1, S “ 1{2). The 51V hf coupling for IV “ 7{2 results in 2I ` 1
= 8 lines and reveals likewise an axially symmetric 51V hfc tensor A. The spectra can be described
by the spin Hamiltonian
HˆC “ 2pi
h
βe ~B ¨ g ¨ Sˆ ` 2piSˆ ¨AV ¨ IˆV ´ 2pi
h
βng
V
n
~BIˆ
V
. (4.1)
According to the different signal intensities and line widths, the signals are assigned to the major
VIV species I´III or the minor VIV species a´f listed in table 4.1. The corresponding parameters
are found in table 4.2, respectively.
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Table 4.1: Major VIV species (I ´ II) and minor VIV species (a´ f) in [(Al(OH))1´x(VO)x(bdc)]n (4x)
as identified by cw EPR spectroscopy at room temperature and 7K.
as synthesized
sample 295K 7K
40.01 II
ortho II
40.05 II
ortho II ` e
40.25 VIV impurities
40.50 VIV impurities
40.75 VIV impurities
4VO II II
calcined
sample phase 295K 7K
40.01
ht
II ` a II ` alt
40.05
ht II
II ` blt II ` b
40.25 I ` II I 1
40.50 I I
1
40.75 I I
1
4VO
ht II ` c
II ` c` blt II ` c` b
Table 4.2: EPR parameters of major (I - III) and minor (a - f) VIV species in 4x and 5x in comparison
to the parameters of MIL-47.c The average g-value xgy = pgxx ` gyy ` gzzq{3 is given for better comparison
to the isotropic g-value g0.ab
sample gxx gyy gzz g0 or xgy AVxx AVyy AVzz
I not. res. not res. not res. 1.964 not. res. not res. not res.
I 1 not. res. not res. not res. 1.971 not. res. not res. not res.
IIortho 1.966 1.970 1.940 x1.959y 55.4 54.4 164.4
II 1.969 1.969 1.940 x1.959y 55.0 55.0 164.7
III 1.969 1.969 1.941 x1.960y 54.4 54.4 164.1
a 1.965 1.965 1.935 x1.955y 56.7 56.7 167.4
b 1.965 1.965 1.932 x1.954y 57.9 57.9 168.7
c 1.969 1.969 1.948 x1.962y 54.9 54.9 160.9
e 1.967 1.967 1.947 x1.960y 54.7 54.7 168.7
f 1.975 1.975 1.941 x1.964y 65.4 65.4 173.4
f 1 1.979 1.979 1.939 x1.966y 67.4 67.4 176.7
MIL-47X-band, RT not. res. not res. not res. 1.963 not. res. not res. not res.
MIL-47Q-band, RT 1.971 1.971 1.942 x1.961y not. res. not res. not res.
MIL-47Q-band, 7K 1.969 1.969 1.943 x1.960y not. res. not res. not res.
MIL-477Kimp. 1.979 1.979 1.941 x1.966y 62.0 62.0 172.1
aACuii in 10
´4 cm´1. bErrors: ∆gii “ ˘0.002, ∆AVii “ ˘0.5ˆ 10´4 cm´1. ctaken from ref. [87]
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The EPR spectroscopic investigations confirm a successful incorporation of vanadium into the MIL-
53 framework for samples 40.25, 40.50 and 40.75. These samples show similar EPR spectra (fig-
ures 4.3j-l) as the parent vanadium compound [VO(bdc)]n (figure 4.3m) with respect to the occur-
rence of a strong VIV signal I without 51V hf splitting and an isotropic g0-value of g0 = 1.964 after
the calcination process (simulations are shown in figure 6.36 (appendix). This corresponds well to
the g0 value of 1.963 found previously for the calcined pure vanadium MIL-47. [87] A similar signal
has been found for NH2-MIL-47 [234] and the vanadium MOF COMOC-3 after calcination with an
isotropic g-value of g0 “ 1.960 for COMOC-3, [235] but no further information on the g-value was
given for the former. Cw Q-band (34GHz) measurements at 295K and at 7K indicate a weak
g-anisotropy in the samples 40.25, 40.50 and 40.75 (figure 6.33, appendix) which was also observed
in the parent MIL-47 (table 4.2).
In the as synthesized samples 40.25, 40.50 and 40.75 (figures 4.3c-e), no significant signals were
observed besides some very weak and poorly resolved signals that are assigned to VIV impurities.
Therefore, it is assumed that in the samples 40.25, 40.50 and 40.75 with higher vanadium content,
the vanadium ions are incorporated as V3` ions at octahedral Al3` framework sites. We assume a
large zfs parameter D " hν for V3`, so that the transitions of the S “ 1 spin system of the V3`
ions here are excited neither at X-band nor at Q-band frequencies. During the calcination process,
VIII was oxidized to paramagnetic VIV framework species giving rise to the signal I as in MIL-47.
Due to the high vanadium concentrations, the hyperfine (hf) coupling is not resolved for the signal
I of the calcined samples 40.25, 40.50 and 40.75. At 7K, the isotropic signal slightly shifts to lower
field (g0 “ 1.971, I 1) for the calcined samples 40.25, 40.50 and 40.75, whereas it remains the same
within the order of magnitude of the error for MIL-47 (figure 6.35, appendix).
Additionally to signal I, a second VIV signal II was found in the calcined sample 40.25 with 25%
vanadium (figure 4.3j). The second signal II reveals axial g- and AV -tensors with resolved 51V hf
structure (simulation parameters are listed in table 4.2). This signal is assigned to a second VIV
species. If this signal arises from the same VIV framework species but in more diamagnetically
diluted surrounding, the average g-value xgy = pgxx + gyy + gzzq{3 would be expected to be the
same as the isotropic g0 value of signal I. But because of the deviation of xgIIy = x1.959y from g0
= 1.964, it is assumed that the signal II arises from another VIV species.
This second species giving rise to signal II in calcined sample 40.25 is also present as major species
in the samples 40.01 and 40.05 (figures 4.3a,b,h,i, simulation in figure 6.36, appendix).
The as synthesized samples of 40.01 and 40.05 show both a well resolved VIV signal which was not
expected because a VIII precursor was used in the synthesis and was incorporated into 40.25, 40.50
and 40.75 as such. The VIV signal in as synthesized 40.01 and 40.05 has a slightly orthorhombic
g-tensor at room temperature (IIortho, figures 4.3a and b), whereas at 7K, the same signal II is
observed for the as synthesized samples 40.01 and 40.05 as well as for the three calcined samples
40.01, 40.05 and 40.25. The slight changes in the simulation parameters of signal IIortho with respect
to signal II with axial 51V spin Hamiltonian parameters is attributed to small changes in the
coordination geometry upon the thermal treatment.
More detailed analyses of the lt- and the ht-phases have been performed to elucidate these changes.
They revealed that this species is the only species present in the open-pore (ht) phase of sample
40.05 (figure 4.4b). The closed-pore (lt) phase of the calcined sample 40.05 also shows a minor
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Figure 4.4: Cw X-band EPR spectra at room temperature of the calcined 40.05 in lt-phase (a), in ht-phase
(b), and again in lt-phase (c). In the enlarged part of the spectra, the signals of minor VIV species b are
marked with asterisks.
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Figure 4.5: Cw X-band EPR spectra at room temperature of the calcined 4V O in lt-phase (a), in ht-phase
(b), and again in lt-phase (c). In the enlarged part of the spectra, signals of minor VIV species b are marked
with asterisks.
signal b that disappeared when the sample was transferred into the ht-phase and recovered after a
second cooling procedure (figure 4.4a and c). The structural changes between the ht- and lt- phase
were induced by a previously described procedure for the CrIII substituted MIL-53 (further details
are given in chapter 6.1, appendix). [229] The cw EPR measurements were carried out at ambient
temperature after every thermal treatment.
To elucidate the nature of the VIV centers, [Al0.99(OH)0.99(VO)0.01(bdc)]n with 1% VO2` ions
(4VO) was synthesized in a similar procedure substituting 1% of the aluminum precursor by vanadyl
sulfate (VOSO4). The as synthesized sample of 4VO shows the same well resolved VIV signal II
(figure 4.3g). The calcined sample of 4VO exhibit additionally a minor signal c with significantly
broader lines and a larger gzz value, but also with parameters typical for VO2` (figure 4.3n). The
simulated spectra are illustrated in figure 6.36, appendix. In the lt-phase of the calcined sample of
4VO, also the second minor signal b was found at room temperature (figure 4.5a and c) which was
not observed in the ht-phase (figure 4.5b). The minor signal c was present in both lt- and ht-phase
at room temperature and also at 7K (figure 6.35, appendix).
Furthermore, the nuclear environment of the vanadium ion in the calcined samples 40.01 and 4VO
was probed with HYSCORE spectroscopy at 7K on the powder position of the 51V spectra (indi-
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Figure 4.6: HYSCORE spectra at 7K and X-band frequencies of the calcined a)
[(Al(OH))0.99(VO)0.01(bdc)]n (40.01), b) [(Al(OH))0.99(VO(µ-O))0.01(bdc)]n (4VO) and c)
[(Al(OH))0.95(VO)0.05(ndc)]n (50.05) at B0 = 347mT and pulse delay τ = 136 ns.
cated by asterisks in figures 4.3h and n). The HYSCORE spectra are shown in figure 4.6a and b
in comparison to the HSCORE spectrum of the ndc-compound [(Al(OH))0.95(VO)0.05(ndc)]n (50.05,
figure 4.6c). It was not possible to analyze the samples with higher vanadium content by HYSCORE
experiments due to short electron spin relaxation times. The HYSCORE spectra of the calcined
samples 40.01 and 4VO reveal identical 27Al and 1H hf couplings of AAl « 3MHz and AH « 8.5MHz
as taken from the spectra.
Discussion
The g- and A-tensor parameters of the species giving rise to signal II found in samples 40.01, 40.05
and 4VO with low vanadium content are more similar to the parameters typically found in vanadyl
complexes containing a [VO]2` ion [23,233,236–239] than to the parameters for non-vanadyl VIV ions
in octahedral oxygen coordination [240,241]. Therefore, it is assumed that vanadyl [VO]2` species
have been formed instead of VO6-octahedra during the syntheses of sample 40.01 and sample 40.05
with low vanadium content. The synthesis includes a certain amount of atmospheric oxygen in the
reaction vessels which might oxidize V3` to VO2`. However, the sharp lines in the cw EPR spectra
indicate that these vanadyl units are well ordered and in diamagnetically diluted environment closely
neighboured to AlO6 units, as revealed by the HYSCORE spectra. It is therefore postulated that the
vanadyl units are incorporated into the framework structure as local defects that are not detectable
with powder XRD analysis due to their low concentration.
The minor species b occurring in the lt-phases of samples 40.05 indicates that at least two different
defect sites for the vanadyl unit exist: one site, where the vanadium ions are not influenced by the
structural changes of the framework and a second, less occupied site, where the structural changes
also induce a small change in the coordination geometry of the vanadyl centers resulting in slightly
different EPR parameters. A similar behavior was observed for the VO2` doped sample 4VO.
Signal e is only present in the as synthesized sample 40.05 and shows also typical VO2` parameters,
therefore it is assigned to another vanadyl species that transforms during calcination.
The isotropic g-value g0 of the VIV species I, which is found in the calcined samples 40.25, 40.50
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Figure 4.7: Coordination geometry of metal sites in as- and ht-phases of MIL-53 and MIL-47. Figure
provided by O. Kosachuk.
!
a b 
Figure 4.8: Regular VO6 octahedra in as [Al1´xVx(OH)(bdc)]n (a), possible defect sites in ht
[(AlOH)1´x(VO)x(bdc)]n (b). Figure provided by O. Kosachuk.
and 40.75 with higher vanadium content and also in the calcined parent compound MIL-47, is also
closer to the average g-value xgy = pgxx`gyy`gzzq{3 of the vanadyl species than to the average xgy
value found in octahedrally coordinated VIV complexes. [240,241] Therefore, it cannot be excluded
that the VIV species in the low content samples 40.01, 40.05, 40.25 and 4VO are involved at least to a
certain extend in an octahedral coordination. Gorelsky et al. found recently that AVzz is decreasing
when the coordination of a VIV center changes from square-pyramidal to octahedral [242]. Thus it is
suggested that a sixth oxygen atom is coordinating the VO2` unit of species II in an axial position
leading to a pseudo-octahedral environment of the vanadium ion with slightly smaller AVzz. Due to
distortions of the coordination geometry upon the phase transition, the sixth contact is broken in the
lt-phase resulting in a square pyramidal coordination of VIV with a larger AVzz value than observed
in the ht-phase of 40.05 and 4VO. This result would be in accordance with the results of the phase
transitions in MIL-53 monitored on the basis of the zfs of Cr3` ions incorporated on Al3` framework
sites as previously reported [229] and the structural analyses of MIL-53(Cr) and MIL-47 that show a
slightly compressed octahedron in the ht-phase and a stronger distortion of the octahedral geometry
for the lt-phase (figure 4.7) [225–227,243]. In contrast to the results presented here, the coordination
of a sixth ligand to VO(acac)2 in equatorial position lead to a simultaneous rearrangement of the
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Figure 4.9: Cw X-band EPR spectra at room temperature of the as synthesized (left) and calcined (right)
5x with increasing vanadium content x from x “ 0.05 to x “ 1.00 (a-e and f-j, respectively).
acetylacetonato ligands and was indicated by an increase of AVzz which was not found for the VIV
species here. [244] In [Al1´xVx(OH)(bdc)]n, such a rearrangement of the coordinating bdc linkers is
hindered due to the network structure.
The incorporation of VIV as [VO]2` units into the framework of MIL-53 was further supported
by FT-IR spectroscopy. [86] The ν(V=O) stretching mode was observed at 915 cm´1 and 916 cm´1
for 40.01, 40.05 and 40.25. This is shifted to slightly higher wave numbers compared to the parent
vanadium compound MIL-47 with 895 cm´1 [86] and 901 cm´1 [230] indicating a shorter V-O distance
for 40.01, 40.05 and 40.25. In the samples with higher vanadium content 40.50 and 40.75, the ν(V=O)
band was found at 890 cm´1 and 895 cm´1 at similar wave numbers as in the parent MIL-47. [86]
4.3 EPR spectroscopic investigations of mixed-metal ndc
compounds
The as synthesized and calcined samples of [(Al(OH))1´x(VO)x(ndc)]n (x = 0.05, 0.25, 0.50, 0.75)
(5x) and of the parent vanadium compound [VO(ndc)]n (51.00) were likewise analysed by EPR
spectroscopy at X-band frequencies at room temperature and at 7K (figures 4.9 and 6.34, appendix).
The signals observed in the cw EPR spectra of the samples 50.05, 50.25, 50.50, 50.75 and of the parent
[VO(ndc)]n (51.00) were assigned to the vanadium species listed in table 4.3, the parameters are
included in table 4.2.
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Table 4.3: Major (I ´ III) and minor (a´ f) VIV species in [(Al(OH))1´x(VO)x(ndc)]n (5x).
sample as synthesized
295K 7K
50.05 III III
50.25 III III
50.50 III III
50.75 f f
1
51.00 impurities
sample calcined
295K 7K
50.05 III III
50.25 III III
50.50 III III
50.75 I I
1 + impurities
51.00 I I
1 + impurities
Similar to the bdc-compounds, no indication for the S “ 1 signal of VIII was found in the cw EPR
spectra at room temperature and at 7K for any of the as synthesized samples 50.05, 50.25, 50.50,
50.75 and in 5 (figure 4.9). Instead, a VIV signal III was observed in the as synthesized samples
with lower vanadium content 50.05, 50.25 and 50.50 which exhibits the characteristic eight line hf
splitting due to the 51V nuclei (figure 4.9a-c). The simulated spectra are presented in figure 6.37
(appendix). In the as synthesized samples with 75% vanadium content (50.75) and in the parent
compound [VO(ndc)]n (51.00), the weak and poorly resolved VIV signal f was detected indicating
the presence of only minor vanadyl species as it was expected (figure 4.9d and e). The parameters
are similar to the impurities found in the vanadium-bdc-framework MIL-47 [87].
In the calcined samples 50.05, 50.25 and 50.50 with lower vanadium content, the same signal III as
in the as synthesized samples was found (figure 4.9f-h). In calcined samples 50.75 and 51.00 with
high vanadium content, the broad isotropic signal I with g0 = 1.964 was observed, with slightly
different line widths (« 14mT for 50.75 and « 27mT for 51.00 (figure 4.9i and j). This signal is also
found in the bdc samples 40.25, 40.50 and 40.75 and MIL-47 [87]. A broad isotropic signal with g0 =
1.96˘0.01 is also underlying the as synthesized and calcined samples 50.05, 50.25 and 50.50 more or
less pronounced (figure 4.9a-c and f-h).
At 7K, the isotropic signal shifts to significantly lower field (g0 = 1.972) for calcined samples 50.75
and 51.00, whereas the signals observed in the samples with lower vanadium content reveal the same
parameters as found at room temperature within the range of the experimental error (figure 4.9,
appendix). Besides the broad signal of framework VIV species, some unspecific VIV signal fragments
are found for calcined samples 50.75 and 51.00 that are assigned to the disordered VIV impurities
already observed in the as synthesized samples of 50.75 and 51.00.
The HYSCORE spectrum of 50.05 shows a similar 27Al hf coupling as the corresponding bdc com-
pounds 40.05 and 4VO but the 1H hf couplings differ somewhat presumably due to the different linker
(figure 4.6c). The maximum 1H hf coupling AH « 10MHz is slightly larger for 50.05 compared to
40.01 and 4VO.
Discussion
For the ndc samples containing 75% and 100% vanadium, 50.75 and 51.00, a similar behavior was
observed in the cw EPR spectra as observed for the bdc compounds MIL-47 and 40.25, 40.50 and
40.75. Therefore, it is assumed that the vanadium centers in the ndc-samples 50.75 and 51.00 are
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also incorporated as VIII into the framework structure supposedly on octahedral sites as proposed
for the bdc-samples. During calcination, VIII was oxidized to VIV giving rise to the strong signal I.
The different line widths of the broad VIV signal in samples 50.75 and 51.00 are probably due to the
dipolar interactions between the VIV ions depending on the number of aluminum entities located
between the vanadium centers.
The well resolved signal III is present in the as synthesized and calcined samples 50.05, 50.25 and
50.50 and is attributed to a second VIV species according to the deviation of the mean g-value xgIIIy
= 1.960 from g0 = 1.964 of the isotropic signal I. The parameters are almost identical to those
found for signal II in the bdc samples. Therefore, it is assumed that VO2` units have also been
formed in the ndc samples.
The parameters of this VIV species do not change within the magnitude of the error upon calcination
or at low temperatures as observed for the bdc samples. The sharp, well resolved lines in the
EPR spectra indicate that the VO2` units are connected to the framework as defect sites closely
neighboured to AlO6 units as indicated by HYSCORE experiments of calcined sample 50.05, similar
to the bdc-MOFs. The maximum 27Al hf coupling AAl « 3MHz is in good agreement with the
one observed for the bdc samples 40.01 and 4VO, the hyperfine coupling to the protons is slightly
different due to the different nature of the linker molecule. By powder XRD analyses, no indication
for a second, well ordered phase was found supporting the assumption that the VO2` units are
incorporated as defect sites into the framework structure [86].
4.4 Conclusion: VIII/IV substitution in [Al(OH)(bdc)]n and
[Al(OH)(ndc)]n
The EPR spectroscopic studies show that the Al3` ions can be substituted isomorphously by V3`
ions in both bdc and ndc frameworks. Furthermore, changes in the local environment of the metal
centers upon incorporation into the Al network were detected. In both bdc and ndc framework
compounds, the EPR data show that VIV is incorporated into the as synthesized and calcined
material in the samples with low vanadium content (ď 25%) exhibiting mainly pseudo-octahedral
or square-pyramidal coordination. Such distortion due to the special coordination behavior of
vanadium is not known and not expected for the pure aluminum metal-organic framework MIL-53.
Therefore, upon the isomorphous substitution of aluminum ions in MIL-53 by vanadium ions, the
overall structure of the framework remains whereas the local structure around the metal ions differ
significantly. In samples with a vanadium content ě 25%, vanadium was incorporated into the
framework structure mainly as VIII and shows the expected behavior upon calcination, when it is
oxidized to VIV.
In the samples with less than 25%, the vanadium(III) precursor was oxidized already during synthe-
sis and then incorporated into the framework structure as VIV ions as defect sites with neighbored
AlO6 units. Additionally it was shown that the ndc framework is more rigid than the bdc frame-
work because a phase transition between an open and a closed pore phase is not observed by EPR
spectroscopy.
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In this work, metal-organic framework compounds as a new class of porous coordination polymers
were investigated with cw and pulsed EPR spectroscopy. Hereby, the Zeeman interactions of the
paramagnetic metal ions as well as the hf and nq interactions of the electron spins with the nuclear
spins I ‰ 0 of the central nucleus and the surrounding ligand nuclei are probed. The cw EPR
experiments were carried out at X-band and Q-band frequencies in a broad temperature range
from 6K to 373K and pulsed EPR techniques such as 2p FS ESE, 3p ESEEM, Davies- and Mims-
ENDOR and HYSCORE experiments were performed at 6K. The spin Hamiltonian parameters
were obtained by spectral simulations using the EasySpin Simulation package [245] or by a home
written and well established simulation program [95] based likewise on the exact diagonalisation
of the energy matrix. From the spin Hamiltonian parameters, information on the coordination
geometry and the interactions of the sampled species were obtained.
Using isomorphous substitution, the antiferromagnetic coupling of Cu/Cu pairs in [Cu3(btc)2]n and
[Cu2(bdc)2(dabco)]n can be disturbed by isomorphous substitution of Cu2` by Zn2` creating in that
way paramagnetic Cu/Zn paddle wheel units with an S “ 1{2 spin state. On the other hand the
diamagnetic [Al(OH)(bdc)]n, [Al(OH)(ndc)]n and [Zn2(bdc)2(dabco)]n became accessible to EPR
spectroscopy by incorporation of paramagnetic VIV or CuII ions, respectively.
Representative compounds of three different families of MOFs were investigated with respect to
different aspects of their properties such as gas adsorption, magnetic exchange and structural dy-
namics. In the following, the main results with respect to these properties will be summarized:
5.1 Host-Guest Interactions
To study the interactions of cupric ions in paddle wheel units with adsorbed molecules, the Cu2` ions
in [Cu3(btc)2]n were partially substituted by Zn2` resulting in the formation of [Cu2.97Zn0.03(btc)2]n
(2) with 1% of mixed-metal Cu/Zn paddle wheel units. The Cu2` ions in the activated material
reveal a square planar coordination geometry and an overall S “ 1{2 spin with resolved hf coupling
to the 63{65Cu nucleus (ICu“ 3{2) as confirmed by cw EPR measurements at 7K. This allows the
investigations of the adsorbate interactions at the Cu2` ions of the Cu/Zn paddle wheel units at
low temperatures when the Cu/Cu pairs are in their EPR silent S “ 0 spin state. The porosity
and the conservation of the overall structure of 2 was further confirmed by powder XRD, AAS, N2
adsorption and 1H MAS NMR spectroscopy.
The electron Zeeman and the 63{65Cu hf interactions reveal to be very sensitive to changes in the
ligand field at the cupric ions as occurring upon coordination of guest molecules. The coordination
of H2O, CH3OH, 13CO or 13CO2 induces a change of the Cu2` coordination sphere from square
planar to square pyramidal indicated by a shift of the g- and ACu-tensor parameters, whereas the
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β = 17° 
2MeOH
β = 0° 
2CO 2CO2
βA,Q = 0° 
2DD, 2HD
Figure 5.1: Coordination of MeOH, 13CO, 13CO2 and D2/HD at Cu/Zn paddle wheel units in
[Cu2.97Zn0.03(btc)2]n.
adsorption of H2, D2 or HD has no effect on the parameters. Using pulsed EPR spectroscopy, the
ligand hf interactions are studied in more detail and structural models could be derived (figure 5.1).
Adsorption of methanol (CH3OH)
The methanol molecule is found to coordinate axially to the Cu2` ion in a mixed Cu/Zn paddle
wheel unit via the O atom. The 1H hf splittings to the protons of the OH and CH3 groups were
observed by pulsed ENDOR and HYSCORE experiments and the AH-tensor parameters and its
orientation with respect to the molecular geometry are determined (table 2.5). The proton of
the OH group is located in a distance of rCuH “ 2.82Å from the Cu2` ion and with an angle
β “ 17° between the principal z-axes of the tensors AH and g. The Cu-O distance was then
derived by geometrical considerations to be rCuO “ 2.20Å which is in the same range as the Cu-
O distance of 2.17Å between the Cu2` ion and coordinated H2O molecules in the as synthesized
parent [Cu3(btc)2(H2O)3]n material as found by single crystal XRD analysis. [30]
Adsorption of 13CO
For 13CO, an end-on coordination of one 13CO molecule via the 13C atom is found on the basis
of the 13C hf interaction observed by ENDOR and HYSCORE. The Cu-C distance of 2.57Å was
determined using the point-dipole approximation in equation (1.10). A coordination via the O
atom can be excluded as well as the coordination of more than one 13CO molecule. Also, a side-on
coordination of the 13CO molecule, for which an angle β ‰ 0 would be expected, is not supported by
the EPR data which confirms that the overall C4 symmetry of the Cu/Zn paddle wheel unit persists.
DFT calculations on a [CuZn(H2btc)4(CO)] model complex confirm a linear end-on coordination
and the calculated Cu-C distance of 2.42Å is in agreement with the experimentally determined
value. The calculated 13C hfc parameters are somewhat lower than the experimentally determined
values but represent well the major characteristics of the AC-tensor: axial symmetry, dipolar hf
coupling of about 1MHz and a negative isotropic hf coupling.
Adsorption of 13CO2
13CO2 coordinates via an O atom and is slightly tilted from the C4 symmetry axis of the Cu/Zn
paddle wheel unit as derived by geometric considerations based on the 13C hf interaction. This is
in agreement with the structure obtained from neutron powder diffraction data. Additionally, the
Cu-O distance of 2.53Å is deduced from the Cu-C distance which is determined to be 3.34Å from
the dipolar 13C hfc parameter TCK using the point-dipole approximation in equation (1.10). For a
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[CuZn(H2btc)4(CO2)] model complex, the Cu-O distance is calculated by DFT to be 2.39Å which is
slightly smaller than the spectroscopically derived Cu-O distance. The calculated 13C hfc parameters
are likewise slightly smaller than spectroscopically observed. Consequently, the Cu-C distance based
on the calculated TCK is slightly larger than the experimental value and the Cu-C distance from
geometry optimization calculations. The small orthorhombic distortion in the calculated 13C hfc
parameters is too small to be resolved by pulsed EPR experiments. However, the angle ϕ of about
5°-7° between the Cu-O vector and the C4 axis is also confirmed by DFT calculations. Furthermore,
spectroscopic indications are found for secondary inter -molecular CO2 ¨ ¨ ¨CO2 interactions that have
been calculated to contribute significantly to the adsorption capacities of [Cu3(btc)2]n for CO2.
Adsorption of H2, D2 and HD
The coordination of H2 could not be detected by EPR spectroscopic methods, but characteristic
proton (IH “ 1{2) and deuterium (ID “ 1) hf couplings are observed upon adsorption of HD and
D2. The equivalent proton and deuterium hf couplings in HD are interpreted as side-on coordination
to the Cu2` ion. For both, HD and D2, identical deuterium hf and nq interactions are observed,
indicating the same coordination geometry of both molecules. The symmetry axes of the axially
symmetric deuterium hfc and nqi tensors AD and QD, respectively, are found to be coaxial with the
C4 symmetry axis of the paddle wheel unit. The deuterium nqi tensorQD is determined to be axially
symmetric withQDxx,yy “´15 kHz corresponding to the splitting ∆νQ “ 3|Qxx,yy| « 45 kHz observed
in the Davies-ENDOR spectrum, and QDzz “ 30 kHz. According to e2qQ{h “ Qzzr2Ip2I´1qs, the nq
coupling constant e2qQ{h “ 60 kHz is calculated for adsorbed D2 and HD. Hence, the experimental
finding is proposed to be a thermodynamically non-equilibrium J “ 1, I “ 1,mJ “ ˘1 state for
both HD and D2 molecules.
5.2 Exchange couplings of Cu/Cu pairs
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Figure 5.2: cw Q-band spectrum
of 30.1 as combination of signal of
mixed-metal Cu/Zn paddle wheel
units with axial symmetry, an un-
known monomeric Cu2`ortho species
with orthorhombic g-tensor, the re-
solved and the exchange narrowed
S “ 1 signals of the monometal
Cu/Cu paddle wheel units.
The Cu/Cu paddle wheel units in [Cu2(bdc)2(dabco)]n (3) are
found to be antiferromagnetically coupled with an excited S “ 1
spin state at room temperature. The signal is narrowed due to
additional inter -paddle wheel exchange interactions within the
layers. These additional inter -paddle wheel exchange interac-
tions are distorted by the incorporation of Zn2` ions into the
framework forming mixed-metal Cu/Zn paddle wheels with a
spin S “ 1{2. Here, the rare case is observed that both, the
resolved and the exchange narrowed S “ 1 signal, are found in
the cw EPR spectra. For the resolved S “ 1 signal, the zfs
D “ 0.340 cm´1 is obtained, whereas an isotropic g0 « 2.11 is
determined for the unresolved signal.
Besides the S “ 1 spin system of the Cu/Cu paddle wheel units,
the S “ 1{2 signal of the Cu2` ions in the mixed Cu/Zn paddle
wheel units with axially symmetric g- and ACu-tensors is ob-
served for samples with more than 25% Zn2` (30.5´1.9). The
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principal values of the tensors g and ACu are typical for square pyramidal coordination of Cu2`.
In the samples with lower Zn2` content, 30.1 and 30.5, corresponding to 95% and 75% Cu2` ions,
a stronger axial distortion of the ligand field is observed upon cooling to 7K than in the samples
with a Cu2` content of 50% and less, which is interpreted as a temperature dependent Jahn-Teller
effect for the samples with high Cu2` content.
From the temperature dependence of the intensity of the resolved S “ 1 EPR signal, the exchange
coupling constant J was determined from a fit to the Bleaney-Bowers relation to be J “ (´113˘15)
cm´1 which is smaller than J “ ´185 cm´1 found for [Cu3(btc)2]n [31] presumably due to the
influence of the N-coordinating dabco ligand.
5.3 Structural dynamics of the bdc and the ndc framework
Table 5.1: EPR parameters of VIV
species in 40.05. Azz in cm´1.
pseudo- square
octahedral pyramidal
gzz 1.940 1.932
Azz 164.7ˆ 10´4 168.7ˆ 10´4
!
Figure 5.3: VIV defect sites as
observed in open- and closed pore
phases of 40.05. [86]
The isomorphous substitution of Al3` ions by V3` in
[Al(OH)(bdc)]n and [Al(OH)(ndc)]n was successful in the en-
tire stoichiometric range (x “ 0.01 ´ 1.00). The formation of
[Al1´xVx(OH)(bdc)]n (4x) and [Al1´xVx(OH)(ndc)]n (5x) was
confirmed by EPR measurements. However, slight differences in
the local environment of the metal ions are detected in compari-
son to the parent MIL-53. In both bdc and ndc frameworks, the
EPR analyses confirm the incorporation of vanadium as VO2`
with oxidation state `IV in the as synthesized and calcined
samples with 25% or less vanadium. The VO2` ions exhibit
mainly pseudo-octahedral or square pyramidal coordination. In
the samples more than 25% vanadium, mainly VIII is incorpo-
rated and oxidized to VIV during the calcination process as found
for the parent MIL-47.
Additionally, the structural changes between the lt- and the ht-
phase are observed in the cw EPR spectra of 40.05 and 4VO.
Hereby, slightly different connectivities between the VO2` ions
and the bridging O atoms are found that are interpreted as defect
sites. The observed strucutral changes are more pronounced in
the bdc framework than in the corresponding ndc framework for
which a more rigid structural behaviour is proposed.
5.4 Conclusion
In this project, metal-organic framework compounds were investigated by various EPR techniques.
Often, MOF compounds are diamagnetic and not accessible to EPR spectroscopy, or, if they consist
of pure paramagnetic species, further exchange interactions occur and prevent a detailed analysis
of the spectra. For a detailed analysis of the structural features by EPR, paramagnetic species in
diamagnetic dilution are cruxial to resolve the electron Zeeman and the hyperfine interacitons.
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Therefore, isomorphous substitution was employed to create a few paramagnetic Cu/Zn paddle
wheel units which were observable at low temperatures when the antiferromagnetically coupled
Cu/Cu pairs are in their EPR silent S “ 0 ground state and not involved anymore in further
exchange interactions. On the other hand, the analyses of the resulting [Cu2.97Zn0.03(btc)2]n was
for this reason restricted to low temperatures (<20K to avoid unwanted line broadening effects).
In the isomorphously substituted [Cu2´xZnx(bdc)(dabco)]n compounds, the exchange coupling is
already disturbed by the incorporation of a small amount of Zn2` ions and the samples could be
studied at room temperature by cw EPR spectroscopy. The diamagnetic metal-organic framework
[Al(OH(bdc)]n (MIL-53) became accessible to EPR spectroscopy by isomorphous substitution of
aluminum by vanadium. The 51V hyperfine coupling of the incorporated VIV species revealed
to be very sensitive to small changes in the coordination sphere of the ion. With isomorphous
substitution, many compounds become accessible to EPR spectroscopy, and although it is restricted
to appropriate compounds, it could be shown that it is still employable in low concentration for
certain compounds when the parent materials are not isostrucutral.
With the isomorphously substituted MOFs, different aspects of their characteristic properties such
as adsorption of gaseous molecules and structural dynamics could be elucidated. With cw EPR
measurements, the geometry of the paramagnetic CuII and VIV species was deduced by the principal
values of the g- and the hyperfine coupling tensor A of the central 63{65Cu and 51V nuclei. The
changes of the principal values upon adsorption of guest molecules or upon thermal treatment
indicated a change in the ligand fields corresponding to changes in the local structure of the CuII
and VIV species. With the pulsed EPR techniques, it was possible to resolve small hyperfine and, in
the case of I ą 1{2, even nuclear quadrupole interactions to the proton, deuterium and 13C nuclei,
respectively, of molecules coordinated to the Cu2` ion. Careful orientation-selective pulsed ENDOR
and HYSCORE measurements allowed the determination of the orientations of the ligand hyperfine
coupling tensors with respect to the molecular axis frame. From the dipolar hyperfine coupling
parameters, the distance could be estimated to the coupled nucleus, and therefore structural models
of the complexes with the adsorbate molecules could be derived.
Furthermore, the investigations of the isomorphously substituted [Cu2´xZnx(bdc)(dabco)]n pro-
vided insight into the antiferromagnetic coupling of the Cu/Cu pairs in the paddle wheel units. In
comparison with previous findings for [Cu3(btc)2]n, the pathway of the additional exxchange inter-
actions across the aromatic ring system could be confirmed and moreover correlated to the two-fold
and three-fold connectivity of the bdc and the btc linkers. Also, structural dynamics with respect
to the local geometry of the paramagnetic ions can be monitored in detail by EPR spectroscopy.
Further studies of the exchange interactions in dependence of the organic linker would be of high
interest for elucidating the electronic properties of metal-organic framework compounds. EPR
spectroscopy is a very powerful tool also for detecting defect sites and further studies could eludicate
whether these defect sites have an influence on the adsorption properties or the catalytic activity
of the compounds. Further DFT calculations would be of high use to interpret the experimental
results in more detail.
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6.1 Experimental details and additional spectra
Adsorption of H2O on [Cu3(btc)2]n (1H2O)
The adsorption of water was carried out under controlled conditions using a chamber with a water reservoir.
An activated sample of [Cu3(btc)2]n (1) was transferred into an open 4mm quartz glass EPR tube and
placed in the chamber above a water reservoir at room temperature for 14 days. Every day, a cw X-band
spectrum was measured. After the H2O adsorption, the material was reactivated again in vacuum at 373K
and a N2 adsorption isotherm was taken immediately after reactivation (figure 6.1). It revealed a drastic
decrease in the N2 uptake that corresponds to a decrease in the accessible pore volume and specific surface
area compared to the activated material prior to H2O adsorption. The powder XRD pattern after H2O
adsorption and reactivation of the material shows a decrease in crystallinity compared to the original sample
1act (figure 6.2). The broad peak between 2θ = 15° and 35° indicates an increase of amorphous material,
while only the strongest reflections at 2θ = 7°, 9.5° and 12° can be distinguished.
Figure 6.1: N2 adsorption isotherms of 1act before
(open squares) and after (closed squares) H2O ad-
sorption.
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Figure 6.2: Powder XRD pattern of 1act before
(open squares) and after (closed squares) H2O ad-
sorption.
Adsorption of di-tert-butylnitroxide (DTBN) on [Cu3(btc)2]n (1DTBN)
For adsorption of di-tert-butylnitroxide (DTBN) on [Cu3(btc)2]n, 9mg of preactivated [Cu3(btc)2]n (1),
which was kept under a N2 atmosphere, were placed in a 4mm quartz glass tube. Prior to adsorption, it was
activated again for 48 h at 393K under vacuum (final pressure » 0.1Pa. Then, DTBN was loaded onto 1 at
77K via dosing 5ml DTBN at a pressure of 110Pa. This corresponds to a loading of one DTBN molecule
per 90 cupric ions. Thermal treatment of the DTBN loaded sample 1DTBN at 363K for 16 h was carried out
to allow diffusion of the DTBN inside the pores for even distribution. After the EPR measurements, DTBN
was removed in vacuum for 48 h at 393K and a powder XRD was taken. The powder XRD pattern after the
removal of DTBN confirmed that neither the framework collapsed under removal of the DTBN molecules nor
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that substantial amount of extra-framework material has been formed (figure 6.5) compared to the activated
material prior to DTBN adsorption. The DTBN adsorption and EPR spectrososcopic investigations together
with the powder XRD analyses after adsorption of DTBN have been published [107].
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Figure 6.3: Temperature dependence of the intensities IESR (open squares) and scaled intensities IESRT
(filled squares) (left) and the linewidth ∆Bpp (right) of the cw EPR signal of 1DTBN immediately after
adsorption of DTBN.
	  
Figure 6.4: HYSCORE spectrum of 1DTBN at 6K after heating at 363K for 16 h. Two spectra with pulse
delays of τ “ 104 ns and 136 ns were recorded at 342.8mT, and the sum of the two spectra are displayed.
The cross peak ridge at (14.8, 14.8) MHz is assigned to the CH3 proton at the coordinating DTBN molecule
with a maximum hfc of about 3MHz. Red and blue areas indicate cross peaks of two 14N nuclei N1 and N2,
respectively (N1 with Aiso “ 2.6MHz and N2 with Aiso “ 4.4MHz from the different Cu2` species). Green
areas mark peaks of a 63Cu (I “ 3{2) nucleus (Aiso « 15MHz).
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Figure 6.5: Powder XRD pattern of a) activated [Cu3(btc)2]n (1) and b) after removal of DTBN.
Synthesis and characterisation of [Cu2.97Zn0.03(btc)2]n (2)
The Zn2` substituted material [Cu2.97Zn0.03(btc)2]n (2) was synthesized using a slightly modified solvother-
mal method established in the literature for [Cu3(btc)2]n. [116] In a typical setup, 0.780 g of Cu(NO3)2 ¨3H2O
(3.23mmol) and 0.108 g of Zn(NO3)2 ¨6H2O (0.36mmol) were dissolved in 15ml of a 1:1 mixture of H2O and
Ethanol and mixed with 0.420 g trimesic acid (2.00mmol) in a Teflon vessel and placed in an autoclave. All
chemicals were used as purchased from Aldrich in p.a. grade without further purification. For the solvother-
mal synthesis, the autoclave was heated to 398K within 48 h, kept at this temperature for 12 h and cooled
to room temperature within another 24 h. The turquoise-blue product was filtered, washed with H2O and
ethanol and air-dried (yield: 0.71 g, as synthesized). The as synthesized material was Soxhelet-extracted
with ethanol for purification for 3 d. Thereafter, the sample was activated at 393K for 24 h in vacuum to
obtain dehydrated material and then kept under dry nitrogen until further use. The synthesis and charac-
terisation of [Cu2.97Zn0.03(btc)2]n (2) with powder XRD, N2 adsorption isotherm, TG/DTA and 1H MAS
NMR spectroscopy has been published [108].
Powder X-ray diffraction
The powder XRD pattern of the as synthesized sample 2 was taken at room temperature in the range of 2θ
= 3° to 70° and shows excellent agreement with the calculated pattern of as synthesized 1 (figure 6.6).
N2 adsorption isotherm
The Zn2` substituted material [Cu2.97Zn0.03(btc)2]n (2) was characterized by N2 adsorption isotherm at
77K (figure 6.7). Prior to the adsorption, the pre-activated material was degased again at 373K for 24 h.
Before a measurement point was taken, the sample was equilibrated for 5min. The N2 adsorption isotherm
5 10 15 20 25 30 35 40 45 50 55
2 Theta
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b
Figure 6.6: Powder XRD pattern of a) [Cu2.97Zn0.03(btc)2]n (2) as synthesized and b) calculated XRD
pattern from single crystal X-ray data of [Cu3(btc)2]n (1). [30]
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isotherm at 77K of activated
[Cu2.97Zn0.03(btc)2]n (2act)
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Figure 6.8: TG (black) respec-
tively DTA curve of rehydrated
[Cu2.97Zn0.03(btc)2]n (2).
Figure 6.9: 1H MAS
NMR spectra of activated
[Cu2.97Zn0.03(btc)2]n 2 (top) com-
pared to activated [Cu3(btc)2]n 1
(bottom) at 298K.
of 2 revealed a specific surface area of 1320m2 g´1 (BET ) and 1678m2 g´1 (Langmuir), respectively, and
an accessible total pore volume of 0.6033 cm3 g´1.
Thermal gravimetric analysis (TG/DTA)
The thermal gravimetric analysis shows a total mass loss of 33.1% in two steps below 573K (figure 6.8)
which correlates well with the following mass spectrometric detection of H2O (not illustrated). No significant
amount of CO2 was detected below 573K. From 573K, a slight amount of CO2 is detected (not illustrated)
which is assigned to the decarboxylation of residual trimesic acid in the pores. A strong increase in CO2
detection is observed at 623K, corresponding well with the decomposition temperature of the whole frame-
work at 627K.
1H MAS NMR
The 1H MAS NMR spectra of activated [Cu3(btc)2]n (1) and [Cu2.97Zn0.03(btc)2]n (2) reveal both the signal
for aromatic protons at » 8.4 ppm (figure 6.9).
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Cw EPR measurements of [Cu3´xZnx(btc)2]n (additional spectra)
Figure 6.10: cw EPR spectra of activated
[Cu3´xZnx(btc)2]n with 0.5% Zn2` (20.015), 3%
Zn2` (20.09), 5% Zn2` (20.15), 10% Zn2` (20.30),
and 21% Zn2` (20.63) at 6K.
Figure 6.11: cw X-band EPR spectra at 298K with
isotropic signal of Cu-Cu pairs in S “ 1 state in 1as
(a) and 1act (b), 2as (c) and 2act (d), 2MeOH (e),
2react after MeOH adsorption (f), 2CO (g), 2CO2 (h),
2HH (i), 2DD (k) and 2HD (l).
2p FS ESE and additional HYSCORE spectra of 2act
Figure 6.12: FS ESE spectra at 6K of activated [Cu2.97Zn0.03(btc)2]n (2act) a) at X-band and b) at
Q-band frequencies. The observer positions for orientation-selective ENDOR (asterisks) and HYSCORE
(circles) spectra are indicated.
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Figure 6.13: Experimental (e+f) and simulated
(g+h) HYSCORE spectra at X-band frequenices of
activated [Cu2.97Zn0.03(btc)2]n (2act) at 6K: e,g)
280.0mT (τ = 126 ns), f,h) 340.8mT (τ = 104 ns).
For simulation parameters see table 2.3.
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Figure 6.14: Glas apparatus constructed for
adsorption of MeOH (measures in mm).
Adsorption of methanol on [Cu2.97Zn0.03(btc)2]n (2MeOH)
Methanol adsorbed samples were prepared from activated sample 2 by adsorbing CH3OH at its vapour
pressure at room temperature for 1 h in a home-built glass device to avoid any contact to air and moisture.
A sample of pre-activated [Cu2.97Zn0.03(btc)2] was attached to the apparatus and could be again activated in
the EPR tube at 393K for 12 h proir to adsorption. The methanol has been dried and degased prior to use.
For adsorption, it was placed under nitrogen atmosphere into the round flask of the adsorption apparatus.
After adsorption, the EPR tube was detached from the galss device without further contact to air and sealed
immediately.
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Figure 6.15: FS ESE X-band spectrum of activated [Cu2.97Zn0.03(btc)2]n after adsorption of MeOH (2MeOH)
at 6K. The observer positions for orientation-selective ENDOR (asterisks) and HYSCORE (circles) spectra
are indicated.
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Adsorption of 13CO2, 13CO, H2, D2 and HD on [Cu2.97Zn0.03(btc)2]n
The adsorption of 13CO2, 13CO, H2, D2 and HD, respectively, was carried out in with a common vacuum
line. In a 50ml volume, the amount of gas was dosed via the corresponding pressure according to p =
pnRT q{V at 298K and condensed afterwards onto the sample, which was provided in an EPR tube attached
to the apparatus, at 77K. The completeness was ensured by pressure control. The EPR tube was sealed
immediately afterwards at 77K, then comprising a volume of 6ml. A ratio of adsorbed gas molecule to metal
center was 2:1 for 13CO2, 13CO, H2, D2, HD, corresponding to 96 molecules per unit cell) (table 6.1). These
gas amounts ensure safe handling of the sample tubes at room temperature since they were still in the low
pressure region (below atmospheric pressure). The resulting samples (2CO2 , 2CO, 2HH, 2HD and 2DD) were
sealed immediately and kept at room temperature for storage.
Table 6.1: Adsorption of 13CO2, 13CO, H2, D2 and HD on [Cu2.97Zn0.03(btc)2]n.
sample msample nM2` pV“50ml298K pV“6ml298K
2CO2 22.2mg 1.10ˆ 10´4mol 118.0mbar 983mbar
2CO 6.7mg 3.32ˆ 10´5mol 19.6mbar 163mbar
2HH 4.5mg 2.23ˆ 10´5mol 22.4mbar 187mbar
2DD 5.6mg 2.78ˆ 10´5mol 27.5mbar 229mbar
2HD 16.5mg 8.18ˆ 10´5mol 78mbar 650mbar
Cw and pulsed EPR measurements of 2CO2 and 2CO (additional spectra)
Figure 6.16: Simulated cw X-band EPR spectrum
of [Cu2.97Zn0.03(btc)2]n after adsorption of 13CO2 at
7K: sum of the computed spectra (c) of Cu2` ions
in activated [Cu2.97Zn0.03(btc)2]n (a) and Cu2`with
axially coordinated molecule (b) compared to the ex-
perimental spectrum (d). Simulation parameters are
listed in table 2.6.
Figure 6.17: FS ESE spectrum of
[Cu2.97Zn0.03(btc)2]n after adsorption of 13CO2
(a) and 13CO (b) at 7K. The field positions
for orientation-selective ENDOR and HYSCORE
experiments are indicated by ˚ and ˝, respectively.
Computational details of DFT calculations for CO2 and CO adsorption
The DFT calculations have been carried out in cooperation with P. Petkov, G. Vayssilov, University of
Sofia, and T. Heine, Jacobs University Bremen. The specific adsorption site of the material was modeled as
uncharged [CuZn(H2btc)4] complex with terminal carboxylic acid groups. The structures of the bare complex
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and the complexes with CO and CO2 adsorbates were optimized on grounds of DFT employing the Becke
three-parameter hybrid method combined with a LYP correlation functional (B3LYP) [246,247]. The basis set
associated with [248] relativistic effective core potentials [249] supplemented with polarization f functions [250]
were employed for description of the electronic structure of Cu and Zn atoms. The standard 6-311G(d) basis
sets were applied for the H, C and O atoms. Geometry optimization were performed with the Gaussian09
program suite [251]. All complexes were modeled in doublet state. The hfc constants for 13C were obtained
with single point calculations using the optimized structures of the complexes at B3LYP level [252]. Hfc for
13C were calculated on grounds of DFT, employing the gradient corrected exchange-correlation functional
PBE [253], a triple-zeta basis set with polarization functions [254]. Relativistic effects have been included by
the zero order relativistic approximation (ZORA) and Spin-Orbit corrections [255–257]. The calculations of
the hfc constants have been carried out with the ADF code.
The adsorption of CO does not affect considerably the structure of the paddlewheel unit as the Cu-O distances
to the ligand are elongated by 0.01Å-0.03Å. This is related to the symmetric coordination of CO along the
C4 symmetry axis of the complex and the weak binding of the adsorbates to the Cu2` ion (26 kJmol´1 for
CO). The Cu-O distances in the paddlewheel structure are affected stronger in the case of CO2 adsorption.
Two of the Cu-O bonds are elongated by 0.1Å and the corresponding O centers are shifted upwards, while
the other two Cu-O bonds are shortened by 0.04Å and the O centers are shifted downwards. Due to the
CO2 adsorbate, the paddlewheel reduces its symmetry from C4h to C2v.
Figure 6.18: Optimized structures of the model complexes with ad-
sorbed CO and CO2. Color coding: grey: C, red: O, ochre: Cu2`, blue:
Zn2`.
Figure 6.19: Cu/Zn paddle wheel
with notation used in table 6.2.
Table 6.2: Calculated interatomic distances in Cu/Zn paddle wheel units for activated [Cu2.97Zn0.03(btc)2]n
and after adsorption of CO2 and CO, respectively. For notation of the atoms, see figure 6.19.
Distances [angstrom] Angles [˝]
Cu-O1/Cu-O2 Zn-O1/Zn-O2 Cu-Zn O1-Cu-O1 O1-Cu-O2 O1-Zn-O1 O1-Zn-O2
2act 1.98/1.98 2.05/2.05 2.68 172 90 164 88
2CO2 1.94/2.08 2.10/2.00 2.76 175/141 90 146/170 90
2CO 1.99/1.99 1.97/1.97 2.56 168 89 174 90
120
6.1 Experimental details and additional spectra
cw and pulsed EPR measurements of 2HH, 2HD and 2DD (additional spectra)
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Figure 6.20: cw X-band EPR
spectra of 2act (a), 2HH (b), 2DD
(c) and 2HD at 7K.
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Figure 6.21: 2p FS ESE spectra
at X-band frequencies of 2act (a),
2HH (b), 2DD (c) and 2HD at 7K.
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Figure 6.22: a) 2p FS ESE spec-
trum of 2DD, b) 1st derivative, c)
simulated 2p FS ESE spectrum of
2DD (for simulation parameters see
table 2.10).
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Figure 6.23: 3p ESEEM spectra at 340.9mT (corresponiding to gxx,yy direction) of 2act (a) and 2HH (b)
at 7K at X-band frequencies.
Table 6.3: Determination of kexp = a{pa` bq (equation 2.6) from temperature dependent 3pESEEM mea-
surements of [Cu2.97Zn0.03(btc)2]n after adsorption of HD. (a` b) is the interpolated echo intensity between
the first and second maxima, b is the experimentally observed echo intensity at first minimum. acalculated
from exponential fit for t = 406 ns. bdetermined acoording to a = pa ` bqcalc ´ bexp. Experimental and
calculated echo intensities in arbitrary units.
T [K] b406ns ∆b406ns pa` bqa ab406ns kexp ∆kexp dkexp dkexp{dT [K´1]
6K 17108.5 ˘220.5 18532.0 1423.5 0.0768 ˘0.0119 – –
12K 15376.0 ˘163.5 16500.0 1123.5 0.0681 ˘0.0099 -0.0087 1.45ˆ 10´3
17K 8969.0 ˘163.0 9466.1 497.1 0.0525 ˘0.0162 -0.0156 3.12ˆ 10´3
22K 3897.5 ˘80.5 4017.4 119.9 0.0298 ˘0.0200 -0.0227 4.54ˆ 10´3
25K 2223.0 ˘59.0 2280.0 57.0 0.0250 ˘0.0259 -0.0048 1.60ˆ 10´3
30K 1888.5 ˘48.5 1935.9 47.9 0.0245 ˘0.0269 -0.0005 1.00ˆ 10´4
35K 1525.0 ˘44.5 1562.7 37.7 0.0241 ˘0.0282 -0.0004 8.00ˆ 10´5
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Simulation of proton Davies-ENDOR spectra of 2HD and additional HYSCORE spectra of 2HD
and 2DD
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Figure 6.24: Adsorption of HD: orientation selective experimental (black) and simulated (blue) proton
Davies-ENDOR spectra of 2HD at a) 339.80mT, b) 336.20mT, c) 335.85mT, d) 335.50mT, and e) 335.10mT.
122
6.1 Experimental details and additional spectra
Figure 6.25: Adsorption of D2 and HD: experimental HYSCORE spectra of 2HD (a-f) and 2DD (g-l) at
a,g) 279.6mT and 278.7mT, respectively, b,h) 284.5mT, c,i) 292.0mT, d,j) 298.0mT, e,k) 328.0mT and f,l)
341.1mT and 340.2mT, respectively.
123
6 Appendix
Simulations for βA,Q ‰ 0
Figure 6.26: Adsorption of HD: simulated proton HYSCORE spectra with βA = 8° at a) 280.0mT, b)
282.0mT, c) 284.5mT, d) 286.0mT, e) 292.0mT, f) 298.0mT, g) 328.0mT, and h) 339.9mT in the proton
Larmor frequency region. Other simulation parameters: AHxx,yy = ´3.60p5qMHz, AHzz = 6.95p5qMHz.
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Figure 6.27: Adsorption of D2: simulated deuterium HYSCORE spectra (a-f) with βA = 8°, βQ = 0°
compared to experimental spectra (A-F) of 2D2 at A,a) 279.6mT, B,b) 284.5mT, C,c) 292.0mT, D,d)
298.0mT, E,e) 328.0mT and F,f) 341.1mT.
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Figure 6.28: Adsorption of D2: simulated deuterium HYSCORE spectra (a-f) with βA = 8° and βQ =
8° compared to experimental spectra (A-F) of 2D2 at A,a) 279.6mT, B,b) 284.5mT, C,c) 292.0mT, D,d)
298.0mT, E,e) 328.0mT and F,f) 341.1mT.
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[Cu2´xZnx(dabco)]n (3x) with x = 0, 0.1, 0.5, 1.0, 1.5, 1.9
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Figure 6.30: Experimental (black) and simulated (blue) cw X-band EPR spectra of
[Cu2´xZnx(bdc)2(dabco)]n (3x) with a) 5% (31.9), b) 25% (31.5), c) 50% (31.0), d) 75% (30.5), e)
95% (30.1) Cu2` and f) parent [Cu2(bdc)2(dabco)]n (3) at 7K. Full set of simulation parameters see
table 3.2.
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Figure 6.29: Experimental (black) and simulated (blue) cw X- (left) and Q-band (right) EPR spectra of
[Cu2´xZnx(bdc)2(dabco)]n with a) 5% (31.9), b) 25% (31.5), c) 50% (31.0), d) 75% (30.5), e) 95% Cu2`
(30.1) and f) parent [Cu2(bdc)2(dabco)]n (3) at room temperature. For simulation parameters see table 3.2.
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Figure 6.31: Contributions of the different cupric species simulated (blue) for cw X- (left) and Q-band
(right) EPR spectra of [Cu1.9Zn0.1(bdc)2(dabco)]n (30.1) at room temperature: a) Cu2` with axial g-tensor,
b) Cu2` with orthorhombic g-tensor, c) resolved signal for S “ 1, d) sum of spectra a)-c), e) experimental
spectrum. For simulation parameters see table 3.2.
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Figure 6.32: Temperature dependent cw X-band spectra of [Cu1.5Zn0.5(bdc)2(dabco)]n (30.5). The blue
lines indicate the continuous change of gzz and Azz over the whole temperature range.
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Synthesis of [Al(OH)0.99(VO)0.01(bdc)] (1VO) and additional spectra
To synthesize VO2` substituted MIL-53(Al), 1.302 g (3.5ˆ 10´4mol) of aluminum nitrate (Al(NO3)3¨ 9H2O),
6.8mg (3.75ˆ 10´5mol) of vanadyl sulfate (VOSO4) and 0.294 g (1.77ˆ 10´3mol) of terephthalic acid
(H2bdc) were placed in a stainless steal autoclave with teflon inset and 5ml H2O were added. The hy-
drothermal synthesis was carried out for 12 h at 393K. Afterwards, the white precipitate was filtered,
washed with water and dried on air. The as synthezised material was then calcined for 72 h at 573K in
constant air flow. Before the EPR measurements, the calcined samples were activated at 393K in vacuum
(1ˆ 10´2mbar) and sealed immediately. The structural changes between the ht- and lt- phase were induced
by cooling the calcined samples 10.01 and 10.05 at 77K for 70min (Ñ lt-phase), subsequent heating at 373K
for 10min (Ñ ht-phase), and again cooling at 77K for 70min (Ñ lt-phase), as it was performed previously
in the CrIII substituted MIL-53 [229]. Cw EPR measurements were carried out at ambient temperature after
every thermal treatment.
Figure 6.33: Cw Q-band EPR spectra at room temperature (left) and at 7K (right) of the calcined
[(Al(OH))1´x(V(O))x(bdc)]n with 25% (a, m: 40.25), 50% (b,n: 40.50) and 75% vanadium (c,o: 40.75)
compared to MIL-47(V) (d,p: [V(O)(bdc)]n [87].
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Figure 6.34: Cw X-band EPR spectra at 7K of the as synthesized (left) and calcined (right)
[(Al(OH))1´x(VO)x(ndc)]n with 5% (a,h: 50.05), 25% (b,i: 50.25), 50% (c,j: 50.50), 75% (d,k: 50.75)
and 100% vanadium (e,l: 51.00).
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Figure 6.35: Cw X-band EPR spectra at 7K of the as synthesized (left) and calcined (right)
[(Al(OH))1´x(VO)x(bdc)]n with 1% (a,h: 40.01), 5% (b,i: 40.05), 25% (c,j: 40.25), 50% (d,k: 40.50), 75%
(e,l: 40.75) and 100% (f,m: [VO(bdc)]n [87]) vanadium, as well as the spectra of as synthesized and calcined
[(Al(OH))0.99(VO(µ-O))0.01(bdc)]n (g,n: 4V O).
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Figure 6.36: Experimental (black) and simulated (blue) cw X-band EPR spectra at room temperature
of the as synthesized (top spectra) and calcined (bottom spectra) [(Al(OH))1´x(V(O))x(bdc)]n with 1%
(a, 40.01), 5% (b, 40.05), 25% (c, 40.25), 50% (d, 40.50), 75% (e, 40.75) and 100% (f, [V(O)(bdc)]n [87])
vanadium, as well as the spectra of as synthesized and calcined [(Al(OH))0.99(VO(O))0.01(bdc)]n (g, 4V O).
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Figure 6.37: Experimental (black) and simulated (blue) cw X-band EPR spectra at room temperature of
the as synthesized (top) and calcined (bottom) [(Al(OH))1´x(V(O))x(ndc)]n with 5% (a, 50.05), 25% (b,
50.25), 50% (c, 50.50), 75% (d, 50.75) and 100% vanadium (e, [V(O)(ndc)]n, 51.00).
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6.2 Instrumental details
EPR spectroscopy
All X-band cw EPR, 2p/3p FS ESE, 3p ESEEM, pulsed ENDOR and HYSCORE experiments have been
recorded on a Bruker ELEXYS E580 spectrometer. Pulsed ENDOR experiments at Q-band frequencies
were performed using a spectrometer with a homebuilt microwave (mw) pulse unit [258] and a commercial
magnet system of a BRUKER EMX cw Q-band instrument. For low temperature measurements, Oxford
Instruments ESR900 and CF935 cryostats were applied.
The room temperature cw X-band EPR spectra were taken using mw power of 2mW, a modulation frequency
and amplitude of 100 kHz and 10G, respectively, a conversion time of 20.48ms and a time constant of
10.24ms with a resolution of 1.5 data points per 1G for a sweep width of 6000G. For the measurements at
low temperatures, a modulation amplitude of 1G and 3G, respectively, and a resolution of 2 data points per
1G for a sweep width of 2000G usually were applied with a mw power of 2mW. Temperature dependent
cw EPR measurements were performed from 7K to 273K in small steps (∆T “ 5K to 20K) for 2act, from
7K to 393K for 2CO and 2CO2 (∆T “ 10K to 20K for 2CO and ∆T “ 5K for 2CO2) and from 8K to 295K
for 30.5 (∆T “ 10K) with about 5min equilibrium time for temperature stabilization.
Two pulse FS ESE, 3p ESEEM and standard HYSCORE [100] spectra were measured at X-band using non-
selective mw pulses of ppi{2 = 16 ns and ppi = 32 ns and a 2- and 4-step, respectively, phase cycle to cancel
out unwanted echoes [259]. The (170ˆ170) data matrix HYSCORE spectra were recorded with a pulse delay
of τ = 104 ns, 136 ns and 164 ns for protons, τ = 136 ns for 13C, and τ = 224 ns for deuterium at 340.8mT
to enhance the modulation signals [99]. For remote echo detected HYSCORE spectra, a pulse delay of τ =
36 ns was applied at 328.0mT and 339.9mT. HYSCORE spectra with higher resolution in the deuterium
Larmor frequency region were measured with pulse lengths of ppi{2 = ppi = 32 ns. Two-dimensional (2D)
Fourier transformed (FT) magnitude spectra are displayed.
Pulsed ENDOR experiments were performed using the Davies-ENDOR sequence [104] applying mw pulse
lengths of ppi{2 = 100 ns and ppi = 200 ns with a pulse delay τ = 1000 ns between the second and third mw
pulse. The lengths of the radiofrequency (rf) pulses were adjusted to prfpi = 10 µs. For the 13C Mims-ENDOR
spectra [105], mw pulses of ppi{2 = 100 ns and a pulse delay τ = 800 ns between the first and the second mw
pulse was employed. The length of the radiofrequency (rf) pulses was adjusted to prfpi = 20 µs.
Spectral simulations
Spectral simulations are based on the Spin Hamiltonians using the EPR simulation package EasySpin [245]
implemented in MatLab for cw EPR, 2p FS ESE and pulsed ENDOR spectra. The simulations of the 2D
HYSCORE spectra were calculated in the time domain by exact diagonalization of the spin Hamiltonian
energy matrix by a homewritten and established method. [95]
Powder X-ray diffraction
Powder XRD patterns were obtained in Debye-Scherrer mode on a STADI-P (STOE) equipped with a linear
PSD and a Ge(111) monochromator using Cu-Kα1 radiation (λ = 154.060 pm). The samples were placed
in 0.5mm capillaries (No. 14, HILGENBERG). If not stated otherwise, the reflexions were measured from
3° to 70° with a stepwidth of 1° and an irradiation time of 30 s.
N2 adsorption
The N2 adsorption isotherms were recorded at 77K on a Micromeritics Gemini II 2370 sorption analyzer.
Differential thermal analysis
The gravimetric analysis was carried out on a STA 410 (Netzsch) with a heating rate of 10K/min in a
Helium flow (75ml/min) connected to a mass spectrometer.
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Atomic absorption spectroscopy
The chemical analysis has been performed by atomic absorption spectroscopy (AAS) using a Perkin Elmer
3300 AAS with external calibration.
1H MAS NMR
1H magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were recorded using a Bruker
Avance spectrometer at a magnetic field of 9.4T. A 4mm MAS probe was used at a spinning speed of 8 kHz.
The samples were placed in sealed glass tubes. The pirf-pulse length was 2 µs and the recycle delay 30ms.
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